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ABSTRACT . 
This review concentrates primarily on the problem of interpreting the  

recent X-ray and y-ray observations o f  ce l e s t i a l  sources. The expected fluxes 

of hard radiation from various processes are estimated (when possible) and are 

compared with the observations. 

and (inverse) Compton spectra originating from r e l a t i v i s t i c  electrons produced 

(via  meson production) i n  the  galaxy and intergalact ic  medium by cosrr,ic ray 

I 

W e  compute the  synchrotron, bremsstrahlmg, 

1 
I nuclear col l is ions;  the spectra from no-deczy are a l so  corzputed. n'eutron stars, 

stellar coronae, and supernova remnants are reviewed as possible X-rzy sources. 
I 
I 
I 
I 

Special consideration i s  given t o  the processes i n  the Crab Nebula. 

galact ic  objects as discrete  sources of energetic photons are consitiered on the  

basis of energy reqGirements; sgecial  emphasis i s  given t o  the stror,;= r ad io  

sources and the  poss ib i l i ty  of the emission o f  hard radiazion au-icg t h e i r  

fo,rmation. The problem of the detection of cosmic neutrinos is  reviewed. 

Extra- 

As  yet ,  no def in i te  process can 5 e  ident i f ied  with any o f  t?.? observed 

fluxes of hard radiation, although a number o f  relevant conclcisiocs c a  be 

drawn on the  basis of the available preliminary observational resu l t s .  in 
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, . * 
I. INTRODUCTION 

Except for the  possible existence of an intergalact ic  gas, the  bulk of 

the m a t t e r  in  the  universe i s  i n  the in t e r io r  of stars. Most o f  t h i s ' s t e l l a r  
I 60 
I 

~ 

matter is at a temperature of - 10 

evolution the  temperature may reach log0,. 
matter t h e  keV-MeV photons emitted i n  the in t e r io r  of stars are absorbed and 

degraded t o  lower energy before they reach the  s t e l l a r  surface. 

K, while i n  some stages of s t e l l a r  

Due t o  the  high opacity of s te l lar  

Thus, the 

v i s ib l e  stellar matter i n  the universe l i es  i n  the  re la t ive ly  cool photospheres 

where the  temperature i s  about 10 3 -10 50 K and where the  - eV photons observed 

by opt ica l  astronomers are emitted. There are ,  however, a number of processes 

i n  the  universe which are capable of producing observable high e n e r a  photons; 

these processes usually involve high energy non-thermal electrons.  

of these high energy photons are extremely d i f f i c u l t  due t o  the  necessity of  

carrying out the experiments above the  ea r th ' s  absorbing atmosphere by m e a n s  

of rockets, s a t e l l i t e s ,  o r  balloons. Nevertheless, during the  past  few years 

a number of workers have succeeded i n  detecting fluxes of energetic cosmic 

quanta. 

great deal of  knowledge lnay be gained from the interpretazion o f  t h i s  data. 

Of special  in te res t  i s  the application o f  the  observations t o  the analysis and 

t e s t ing  of cosmological theories  (see Sect. IIh, i) . 
questions may be answered in the  near future by the  analysis of observations of 

high energy photons and neutrinos. A t  present t h i s  re la t ive ly  new f ie ld  of 

research i s  i n  i t s  infancy and our review w i l l  probably soon be out of date. 

It i s  our  hope tha t  it w i l l  be of some use as a guide f o r  the interpretat ion of 

observations i n  the  near future.  

Observations 

Although these observations are very preliminary, it is  c lear  t ha t  a 

We f e e l  t h a t  m a n y  cosmological 

We might summarize b r i e f ly  some basic physical processes 'by which energetic 

photons are produced. F i r s t  we l i s t  the processes which produce continuum 
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V 
* radiation: 

with matter. 

1) Bremsstrahlung is  emitted in the interact ion o f .  charged pa r t i c l e s  

It results from e-p coulomb sca t te r ing  at non-relat ivis t ic  energies 

and from both e-p and e-e scat ter ings a t  r e l a t i v i s t i c  energies. 2) The Compton 

sca t te r ing  of  a l o w  energy thermal photon by a high energy electron produces 

a high energy scat tered photon, the energy being t ransferred from the electron. 

This process was first discussed by Feenberg and Primakoff (1948). Fermi 

pointed out t h a t  t h i s  w a s  probably the  mechanism by which electrons were re- 

moved from the  primary cosmic ray flux. 3) Electrons moving i n  magnetic f i e lds  

e m i t  synchrotron radiation; t h i s  i s  the primary mechanism fo r  radio emission i n  

galaxies.  

photons by t h i s  process; cosmic synchrotron spectra  probably extend at most t o  

photon energies i n  the  keV-MeV range. 

#-mesons (# + 2y) following the production o f  mesons i n  aol l is ions between 

primary cosmic ray pa r t i c l e s  and nuclei  of the i n t e r s t e l l a r  and in te rga lac t ic  

gas. Cosmic ray nuclear co l l i s ions  are a l so  a source of  high energy electrons 

via charged pion production and (TT + p - e )  decay, as w a s  proposed by Burbidge 

and Ginzburg i n  the  ea r ly  a t tenpts  t o  understand radio sources. A recent d i s -  

cussion applying t o  galact ic  radiat ion has been given by Pollack and Fazio (1963) 

and by Ginzburg and Syrovatslry (1964). 

meson ;?reduction i n  matter - anti-matter m i n i l a t i o n .  Some processes which 

produce l i n e  radiat ion are  : 5 )  Characterist ic X-rays a re  produced following 

the  e jec t ion  of  an atomic inner s h e l l  electron by, f o r  example, a high energy 

p a r t i c l e  o r  photon f l u x .  The resul t ing cascade t r ans i t i ons  give r i s e  t o  the 

emission of K, L, e tc . -ser ies  X-rays. 

l a t i o n  of electrons and positrons (e 

i n t e r s t e l l a r  (but not in te rga lac t ic )  medium come es sen t i a l ly  t o  r e s t  by various 

energy loss  processes (see Sect.  11) before annihilating, and the  resul t ing y-rays 

Very high electron energies are  required t o  produce high energy 

4) Gamma rays result from the decay o f  

#-gammas are a l so  produced following 

6) Gamma rays are produced i n  the  annihi- 

i- + e- -, 2y). Energetic positrons i n  the 
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are essektially monoenergetic a t  about 0.51 MeV. 7) The formation of deuterium . 
via 'n  + p 4 d + y ( the inverse of photodisintegration) produces a photon of 

energy 2.23 MeV. This i s  the only l o w  energy nuclear reaction we have l i s t e d  

here which gives rise d i rec t ly  t o  y-radiation. There are many low energy 

reactions which give rise t o  y-rays e i ther  d i rec t ly  o r  indirect ly ,  but  in  

general they will OCCUT only i n  stellar inter iors  so t h a t  the y-rays do not escape. 

However, there a m  some indications t h a t  nuclear reactions sometimes take place 

in  stellar surfaces, so t h a t  these y-rays may be observable. Both the  0.51 and 

2.23 MeV lines w e r e  mentioned i n  an early paper by Morrison (1958) on the  subject 

of gamma ray astronomy. 

Most of the basic photon-producing processes are considerd i n  Section Il 

where t h e  background spectra from synchrotron radiation, bremsstrahlung, and 

the  Compton process by high energy electrons and from ff -decay i n  the in te r -  

s t e l l a r  medium, the  galact ic  halo, and the intergalact ic  medium are computed. 

The energetic electron spectnun is  computed from secondary production v i a  T T - ~  

decay with t h e  pions produced i n  nuclear col l is ions (proton-proton) of cosmic 

rays with the  interstellar and intergalact ic  gas atomic nuclei  and from tne 

various electron energy loss  processes. 

duction (especially of X-rays) by stars, in par t icu lar  from s t e l l a r  coronae 

h Section I11 we consider the pro- 

and from neutron stars. 

special  consideration i s  given t o  the  Crab Nebula. 

Supernova remnants are t rea ted  i n  Section IV where 

The poss ib i l i t y  of  observing 

extragalact ic  disc-te sources of energetic quanta i s  studied b r i e f l y  i n  Section 

V.  The problem of detecting cosmic neutrinos is  considered i n  Section V I .  

We s h a l l  concentrate in t h i s  review in attempting t o  give reasonable 

theore t ica l  estimates of the  fluxes of hard radiation which may be generated i n  

a var ie ty  of c e l e s t i a l  sources. However, we w i s h  t o  stress again t h a t  our philosphy 

is  t h a t  t he  detection of hard radiation as an observational science is s t i l l  i n  a 

very rudimentary state and the observations t o  date cannot be used t o  ref ine the  
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the theory in any significant way. We reiterate that we can only give plausible 

estimetes of  the fluxes t o  be expected, and some surprises of the kind tha t  

have been encountered in radio astronomy over the past f i f teen years may w e l l  

be in store. 
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II. PRODUCTION I N  T ' i  INiRSTELLAR GAS, THE GALACTIC HALO, 

AND THE INTEBGALACTIC MEDIUM 

In  t h i s  section we consider the general background f lux  of cosmic photons 

produced i n  electromagnetic interactions involving non-thermal pa r t i c l e s .  

source of high energy pa r t i c l e s  i s  provided by the  ordinary cosxic rays, i n  

pa r t i cu la r  the cosmic ray protons, whose energy spectrum is known an6 extends 

up t o  -10 

i n  d i r e c t  electromagnetic interactions,  due t o  t h e i r  large nass. 

energy electrons can result from nuclear co l l i s ions  of  cosmic rays In which a 

shower of pions are produced; t h e  charged pions then decay in to  electrons v i a  

n -. p -, e.  

e n e r a  photons by a number of processes, m d  these w i l l  Se con;,&;-ed ls-cer In  

t h i s  section. 

(among other  things)  by the  electron spectrum, which i n  turn  i s  detemined ky 

the  cosmic ray proton spectrum. 

t h a t  i s ,  except near l oca l  sources of cosnic rays, the cosmic ray ?lux aT; m-y 

glace i n  the universe is  assumed t o  be the  saqe as t h a t  zeasureC at the ear th .  

Ginzburg and SyrovatskJ have argued against a m i v e r s a i  cosmic ray Tim a d  

estimate t h a t  the in te rga lac t ic  cosmic ray density is  smaller than the loca l  

(ga lac t ic )  value by a factDr 

p a r t i t i o n  arguments and is, i n  our opinion, not convincing. me in te rga lzc t ic  

cosmic ray density is  ju s t  one of a number o f  poorly known paranieters with which 

one is  confronted i n  making estimates o f  photon production processes; l o r  exzmgk, 

the gas density and magnetic f i e l d  i n  the in te rga lac t ic  nedim c a  only 32 es t i -  

L. .e6 roughly. C: C G L . L * ~ C ,  ;; I,LY be that there  ex i s t s  a ''primary'' cosnlc r q  

electron component, where by primary electrons w e  mean those which may LLVZ '3em 

accelerated by the same process and i n  the same sources t h a t  p r o c ~ c e d  r;he cos::ic 

A 

20 ev. The protons themselves are not e f f i c i e n t  at producing photms 

However, hlgh 

The energetic "Secondary" electrons which result can produce h i ~ h  

The photon spectrum produced by a s2ec i i i c  process I s  deterxine2 

We sha l l  assurre a universal cosnic: ray spedi-m, 

-?g63) 

However, t h e i r  reasoning i s  bzsed on equi- 
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a . 
I .  * * *  I 

.I I 

ray protons. This question is  open. Recent experiments by De Shong, HildeSrand, 

and Meyer (1964) measuring the  electron/positron r a t i o  i n  the loca l  cosrAc ray 
6 

flux are cer ta in ly  relevant t o  t h i s  problem but the  experiments s t i l l  do not 

allow a de f in i t e  conclusion regarding the primary or secondary or igin of these 

electrons and positrons.  We s h a l l  consider only the  contribution from secocdary 

electrons.  It might be remarked t h a t  the acceleration of protons without an 

accompanying acceleration of  e lectrons can be envisaged eas i ly ,  since the electrons,  

with t h e i r  smaller m a s s ,  lose energy by electromagnetic processes more readily.  

We s h a l l  take a universal d i f f e ren t i a l  cosmic ray flux g:ven by 

-r 
d J  = K y p dYpy 

P P P  
2 where d3 i s  the  number of incident protons per  cm pe r  second hzving Lorentz 

factors y (= E /m c ) within dy (centerzi  2t  y ); here X and r are  constants. 

By appropriate choice of K and 

observed flu f o r  any range of  y . The choice r = 2.6, K = 100 cm sec f i ts  

the observations (c f .  Singer 1958) over many orders o f  magniturle o f  y 

high energy range. 

described by t h i s  choice of r K . The extrapolation from h i@ energies is 

too large by a fac tor  4 2  at y 

in te res ted  i n  the e f f ec t s  of the high energy cosmic rays we s h a l l  adopt the 2bove 

values f o r  the  parameters 

Given the  astronomical parameters (gas density, magnetic f i e ld ,  e t c .  ) , the  cosmic 

photon fluxes from various processes (synchrotron radiation, bremsstrahlung, 

Compton e f f ec t ,  e t c . )  are  e s sen t i a l ly  determined by the  cosmic ray spec t rm.  

However, due t o  uncertaint ies  i n  our knowledge of the physics of cer ta in  processes, 

i n  pa r t i cu la r  t h a t  of meson production i n  high energy nuclear co l l i s ions ,  t'ne 

calculated photon fluxes m u s t  be considered a t  bes t  only order o f  magnitude e s t i -  

mates. Uncertainties i n  the  astronomical parameters fur ther  complicate the 

P 
2 

P P P  P P P P 
t he  power l a w  (1) can be used t o  describe the 

P P 
-2 -1 

P P P 
i n  the 

P 
A t  lower energies the actual   flu i s  smaller than t h a t  - 

P' P 

P P 
-100 and by a f ac to r  -4 at  11  = 10. Since we are 

K i n  the calculations ou t l ined ' i n  t 'nis section. 
P' P 
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. i n t e r p e t a t i o n  of the results. In  view o f  t h i s ,  a number of  s impl i e ing  ass%.pions 

and approx-hations are made i n  the  calculation of  the physical processes. 

After discussing meson production i n  cosmic ray co l l i s icns  (part a) the  

electron production spectrum is derived in  (b) .  Electron energy losses  i n  the  

galaxy and in te rga lac t ic  medium are treated i n  (c)  and (d) and the  rzsui t ing electron 

spectra  a re  derived i n  ( e ) .  The photon fluxes are calculated i n  ( f )  and a discussion 

and comparison with the observational results follows. Some cosmological consider- 

a t ions of  photon production i n  the intergalact ic  medium are given i n  (h),  (i) . 
a) Meson Production i n  Cosmic b y  Nuclear Collisions 

A l l  of the laboratory resu l t s  on meson production a re  f o r  incident proton 

energies less than 10 Bev at  which it i s  possible energet ical ly  t o  produce only a 

few re l a t ive ly  low energy pions per  ine lac t ic  co l l i s ion .  Our kaowiedge of meson 

production by high energy protons is  based primarily on theory, and the theories  02 

meson production are very crude; of course, an accurate theore t ica l  treatment o f  

the  problem' would be extremelg d i f f i c u l t ,  probably beyond our przsent knowledge of 

elementary pa r t i c l e  interact ions.  The simplest theory o f  meson production i n  high 

energy nuclear co l l i s ions  i s  t h a t  of Fermi ( c f .  Narshak 1952) ana i s  outlined 

b r i e f l y  Selow, (i).  "he theory predicts  the  correct shape f o r  the s p e c t r m  of 

high energy y-rays resul t ing from no's produced i n  cosmic ray co l l i s ions  (ii). 

(i) Fermi Theory of  Meson Production 

Consider the  co l l i s ion  o f  a proton of ( lab) energy y m c2 incident on 
P P  

a proton at rest. In  the center  of mass (c.m.) system the t o t a l  e n e r a  o f  the  

2 two protons is  27 m c = [2(yp + l)]' m c2, where 7 i s  the  Lorentz fac tor  of 

the protons i n  the c.m. system. 

i n  t h e  proton's rest frame the  radius o f  t h i s  cloud is  approxi-iately A l-r = +;/m,,c, 

P P  P P 
Each proton ca r r i e s  a cloud of vi,rtual F d n s ;  

where m i s  the  pion m a s s .  The interaction cross sect ion is  then CT - -n 4:- 
l-r 

I n  the  c.m. system each cloud is  contracted i n  the d i rec t ion  o f  motioE by a 

f ac to r  
- 

and when the  protons coll ide the maximum comion vo;ac of t!=c :;eso:: YP' 
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. 
clocds (which, presumably, is  when the interact ion is  strongest)  is 4 

For high proton energies it is  possible energetically t o  produce many pions 

i n  an ine l a s t i c  co l l i s ion  and Fermi made the assumption t h a t  the  interact ion 

i n  the  volume (2) was strong enough t o  produce a d is t r ibu t ion  of pion energies 

corresponding t o  thermal equilibrium with most of t he  initial proton k ine t ic  

energy having been fed in to  the  pion gas. Also, the pions are predominzntly 

highly r e l a t i v i s t i c  and thus have a Planckian dis t r ibut ion.  The "temperature" 

f o r  t h i s  d i s t r ibu t ion  is easily shown t o  be kT M m c , s o  t h a t  i n  the c.m. 1 2  
yP 

system the  m e a n  pion energy corresponds t o  

and i n  the  lab system (where one of the protons i s  i n i t i a l l y  a t  rest) 

Fermi assumed t h a t  the  d is t r ibu t ion  arising wnen the  pion clozds of the 

col l iding protons overlap i s  "frozen in", so  t h a t  equation (4) would spply 

t o  the pions produced i n  the  col l ls ion.  EqGation (4)  a l so  implies t h a t  the  

mul t ip l ic i ty  of  pions produced i s  proportional t o  (and is, i n  fac t ,  ro-aghly 

given by) y 4 .  
1 - 

P 
A number of attempts have been made t o  improve the  Fermi tneory a d  

some authors have taken a qui te  different  approach t o  the  problen. Howsver, 

these a l te rna t ive  theories  usually predict  a pion production spectrum not 

radical ly  different from t h a t  of the Fermi theory. The assumption or' thermal 

equilibrium i n  the  Fermi theory has been questioned by Landau (1953), wfio has 

developed h i s  Omi theory of meson production. Another defect i n  the  sinple 

I 

I Fermi theory is t h a t  the e f f ec t s  of t he  production of  other  unstable 2zr t ic les  

( f o r  example K-mesons), which eventually decay in to  pions, has not been t a k a  
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i n to  account. Nevertheless, f o r  our purposes essent ia l ly  the  only r e s - . t  . 
which need be specified i s  the  relation between mult ipl ic i ty  (and mean 

pion energy) and y . The detai led shape of t he  pion energy spectrum pro- 
P 

duced by an incident proton o f  given energy need not concern us. 

(ii) Pion Production Spectrum 

The number of pions produced per second pe r  cm3 within the  energy 

range dy i n  p - p col l is ions would be computed from 
ll 

r 
(all(yTr) dYTr = ! dJp "EI f hTT; Yp' dY+ ( 5 )  

where dJ  i s  the  d i f f e ren t i a l  incident cosmic ray proton flux, n t'ne 

loca l  density of hydrogen nuclei, 0 (W TT 4,") the  t o t a l  (exclwllng the 

mul t ip l ic i ty  Tactor) cross section f o r  the  event, m d  f(yn; y ) the  dis-  

t r i bu t ion  function f o r  the  pion production spec t rm.  W e  approximate, t he  

spectrum f ( y  * y ) by a product of the mult ipl ic i ty  ;.s y2c) a d  a 6- fbnction 

3/4) of the  pion spectrum for given y * at  the  mean energy (M y 

P H 

P 

1 

IT' P 

P' P 

With a cosmic ray spectrum given by the power l a w  (1) we then obtain 

The &-function approximation (6)  does not introduce apprecia'de error.  

For example, i f  one computes %cyTT; v,), using the Wien approximation t o  

the  Planck thermal dis t r ibut ion,  one obtains a slowly varying function 

of yTr times y t o  t he  power -k(r  - F ) ,  t h a t  is, essent ia l ly  the  same 

result as equation (7). Moreover, the exponent i n  the  spectrum (7) 

wi l l ' be  the  same fo r  the  case where the m a s s  of the  incident cosmic 

ray p a r t i c l e  i s  different  from t h a t  o f  the  "target" nucleus. 

a case the  analysis follows analogously, since the  Lorentz factors  i n  the 

Tr 3 P  

I n  such 
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c.m. system are s t i l l  proportional t o  

the Lorentz fac tor  of  the incident pa r t i c l e  i n  the rest frame o f  the 

(when y is  large) ,  where y is  d 

t a rge t  pa r t i c l e .  

(iii) A n  Experimental Test f o r  
%(YlT) 

+ -  For nuclear col l is ions a t  high energy the  number of rr , IT , and no 

mesons produced are the  same, as i s  t h e i r  energy dis t r ibut ion.  The no 

decays v i a  no 2y, with the mean (lab) y-ray energy being roughly E 

Thus, a measurement of the  y-ray spectrum from no-mesons produced i n  

. d2 

%(v,) * primary cosmic ray events would give the  pion source spec t rm 

Recently, Kidd (1963) has measured the spectrum of high energy y ' s  fron 

rro-mesons produced by cosmic rays a t  the  top of t he  atmosphere. By per- 

forming the  experiment a t  high a l t i tudes  he w a s  able t o  observe y ' s  from 

no ' s  produced predominantly i n  primary j e t s .  

energy spectrum o f  the y-ray flux a power l a w  with exponent r 
The y-ray energy range observed by Kidd was 0.7 x 

Kidd found f o r  the d i f f e r e n t i a l  

4 . 3  
= 2.9 -o.2. 0 

eV < Eo < 10l2 eV, 

corresponding t o  10 3 < yn < 10 4 and 10 4 < y < 2 x 10 5 . A t  these proton 
2 

energies the  cosmic ray spectrum i s  described by the  high eriergy f i t  with 

= 2.6. The corresponding P n 
frox equation (7) i s  2.8 and is consiszant 

with the  value (To) measured by Kidd. We should l i k e  t o  emphasize t h a t  

Kidd's experiment confirms the  results of the  Fermi theory, but not the  

fundamentals of the theory i t s e l f .  

b )  The Electron Production Spectrum 

In the  charged pion decay (IT 
f f  

-t p + v )  most of the center of m a s s  k ine t ic  

energy released t o  the  products p, v i s  carr ied away by the  neutrino whose 

2 energy is  s m a l l  compared with m c . The resu l t ing  lab energy of the muon is  

then approximately (m /m ) Ell, where E 

decay. The electron resul t ing from the  muon decay (p -t e + 2v) is highly 

ll 

I s  the  lab  energy of the  pion before 
p n  11 

f f  
-1. 
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I 

. r e l a t i v i s t i c  and behaves kinematically l i ke  the two 

pqoducts . Thus ,  t he  Eeaa ener,y i,r, the  s p e c t m  of 
h 

neutrinos i n  the  decay , 

electron energies is  aboxt 

- ‘:m e‘ i n  the rest f m e  of the p, and the  mean lab energy (E,) of t he  

1 - (m /m ) E n , = +  En; thus,  3 P l - r  

3 p  
electron resu l t ing  from the  TT -, p 4 e decay is  roughly 

(ye) m $ (m,/m,) (yTI). 

a 6-flrnction a t  t h i s  energy we get ,  f o r  the  electron source spectrum, 

Approximating t h e  e lectron spectrum $(ye; yTI) by 

2 
3 

a f ac to r  - has been introduced because only charged pions decay i n t o  electrons.  

2 1o1O * ye We s h a l l  consider production and energy losses  of  e lectrons with 10 

a 11 corresponding t o  1 s. y * 10 and t o  1 9 y 5 10 . 
TI P 

c )  Electron Energy Losses i n  the Galaxy 

H e r e  we consider the  various processes tending t o  decrease t‘ie energy of  

high energy electrons i n  the  galaxy. We calculate  the  average rate of  energy 

loss i n  the  galaxy which w e  consider as the  region within the  ,alactic halo o f  

radius R, - 5 x 

the  ga lac t ic  gas occur predominantly near the plane o f  the galaxy r&ere most of 

em. Aytually, energy losses  involving interact ions with 

the  gas l i e s  and where the  gas i s  predominantly unionized. The voiurLe o f  t h i s  

disk of ga lac t ic  i n t e r s t e l l a r  gas is N of the volume o f  t he  ga lac t ic  halo. 

(i) Ionization Losses 

The energy l o s s  due t o  ionization and exc i ta t ion  of  the  i n t e r s t e l l a r  gas 

may be computed from Bethe’s formula f o r  the stopping power. For high 

energy electrons t h i s  formula i s  

3 m 2 c 4  ye e An 
m c  2 2 3  e 0 

(9) 



. , I , '  
1 

t 

where I 

and n is the  number density of atoms o f  the  material. 

logarithm i n  equation (9) i s  very large and I may be set equal t o  the 

2 2  Rydberg energy 3 CY m c M 137). We then have f o r  t he  ionization e 

loss in a hydrogen gas of mean density (n): 

is  the  mean  exci ta t ion energy of t he  stopping material (hydrogen), a 
0 

The ar,gument of t'ne 

0 - 

(10) - (dye/dt>I = 2rrcr (n> an (2 ye/a 3 4  ) . 0 

2 2  Here r 

computed from equation (10) i s  shown as a function of y 

a m e a n  gas density (n) = 0.03 

(= e /m c ) is  the c lass ica l  e lectron radius.  The energy l o s s  

e 

0 e 

i n  Figure 1 f o r  

This mean ga lac t ic  gas density corresponds 

t o  a mean density near the  plane o f  t he  galaxy of 3 em-'. 

i s  about three times the observed density of atomic hydrogen. 

value m y  be more appropriate i f  there i s  a high abundance of inter-  

stellar modecular hydrogen (Gould, Gold, and Salpeter  1963). 

(ii) Bremsstrahlung 

The energy l o s s  rate by bremsstrahlung emission would be computed from 

This value (3 cm-') 

The higher 

r - (dE/dt& = nc J hudoB, (11) 

where n i s  the density o f  hydrogen nuclei  and do is  the d i f f e ren t i a l  cross 

sect ion f o r  the emission o f  a brensstrahlung photon of energy within hdco; 

i n  equation (11) the in tegra l  is  over u) from 0 t o  yemec /h. 

the  approximate simplified expression (see Jauch and Rohrlich 1955) 

doB M 4 CY r2 w 

B 

2 For do we take B 

-1 
d W  Rn 2y and calculate the mean bremsstrahlung l o s s  rate: 

0 e 

- (dye/dt>B = 4 c CY r (12) 2 (n> ye Rn ye. 

This i s  the  bremsstrahlung lo s s  rate f o r  interact ion of e lect : -as  with 

0 

protons and would be appropriate f o r  calculat ing the  e n e r a  l o s s  i n  red? r- ons 

of ionized hydrogen. Actually, most of the ga lac t ic  b,-emsstrahlur,g is  

l i k e l y  t o  be produced near t he  galactic plane where the  gas i s  predominan6-y 



aiomic o r  molecular, and a correction f o r  the  associated shielding effkcts  

of the atomic electrons must be made. I n  fac t ,  f o r  the  electron energies 

of i n t e re s t  the  strong shielding expression would be more appropriate. 

t h i s  case the  argument of the  logarithm i n  equation (12) should be replaced 

In 

byw137 (see Heitler 1954). 

loss  rate w a s  computed fo r  (n) = 0.03 ~ m ' ~  and is  shown i n  Figure 1. 

Using t h i s  corrected expression tne bremsstrahlung 

(iii) Synchrotron Losses 
I 

It is  w e l l  known t h a t  a highly r e l a t i v i s t i c  e lectron of energy Ee i n  

a magnetic f i e l d  H moves in  a c i rc le  with a Larmor radius r 

radiates  energy by the  synchrotron process at  a r a t e  

= Ee/eH and L 

-(d Ee/dt)S = - 2 c r2 (H2) ye 2 . 
0 3 

The frequency spectrum of the  radiation consis ts  i n  a continuum with a 

maximum around v 

l o s s  rate - ( d ~ ~ / d t ) ~  is shown i n  Figure 1 f o r  a magnetic f i e l d  H = 3 x 10 

gauss corresponding t o  the galact ic  halo. .  

( iv )  

, vL (= eH/2rr m c )  being the Larmor frequency. T'ne 2 
L ye e 

-6 

Compton Scat ter ing by S t e l l a r  Photons 

The Compton process, whereby a high energy electron makes an e l a s t i c  

co l l i s ion  with a thermal s t e l l a r  photon, and t ransfers  sone of its k ine t ic  

energy t o  the  photon, has been considered i n  some d e t a i l  by Feenberg and 

Primakoff (1948) and by Donahue (1951). 

(1963) have suggested t h i s  process as a mechanism f o r  producing energetic 

photons. Consider the co l l i s ion  between an electron of energy y m c and 

a thermal photon of  the  ga lac t ic  radiation f i e l d  of i n i t i a l  energy 'E:?. 

c 

energy of the photon i n  the  r e s t  frame of the  electron;  cy e ye E: . 
8 

Thompson l imi t :  

More recently,  Felten and Morriscn 

2 
e e  

Let 
A. 

denote the  photon energy after scat ter ing;  l e t  e* denote the  i n i t i a l  r r 
* 

For r * 
C< m c2 the  cross section f o r  the sca t te r ing  process i s  given by the r e 



. 
8n 2 

0 + -  I 3 ’ * 0 ’  
I 

04) b 

vhile  the  mean energy l o s s  p 

kinematics of the  problem, t o  be 

r scat ter ing may e a s i l y  be shown, by the 

For co l l i s ions  with very high energy electrons i n  which t * >> mec 2 , 
r 

the Klein-Nishina fqmula must be used t o  compute the  sca t te r ing  cross 

section. For high energies t h i s  formula approaches 
2 * 

‘r * An - oII + TI r - 
8 m c  r e 

C 
2 me 

2 ,  0 

while the  m e a n  energy l o s s  pe r  sca t te r ing  i s  now comparable t o  the  i n i t i a l  

energy of the electron: 

.LA 

The electron.energy l o s s  i s  computed from 

where n (p,)de 

the  radiat ion f i e l d .  

mean photon energy 7 . Then jnr(cr)da E n -* p f i r 7  where 0 i s  the 

radiat ion energy density and n For a r 
thermal (black body) radiat ion f ie ld  cr i s  approximately 3 kT where T 

is  the  temperature of the  thermal dis t r ibut ion.  

f o r  0 and 2’ f o r  t he  low energy region (I) where y << mec2P and the high 

energy region (11) where y >> mec2pr we get f o r  the  energy l o s s  ra tes :  

i s  the  number density of  pnotons of  e n e r a  within ds i n  

We s h a l l  lump the  s t e l l a r  radiat ion f i e l c  in to  oiie 
r r r 

I-. 

r r r r 
the number density o f  photons. 

- 
0’ 0 

By employing the  expressions 

r e r 

e 

- 
ye €1” An . 

m c  
dye 3 (PI-) -(-> = m 2 m c  o e - 2  a C I I  e r e 

(1.9 I) 
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t 

It is interest ing t o  note t h a t  at low energies the energy l o s s  rate is 

proportional t o  the  radiation energy density (p  ) wnile at high energies 

it is  essent ia l ly  proportional t o  (n )pr. Most of the contribution t o  r 
the  radiation f i e l d  i n  the  galactic halo comes from the re la t ive ly  cool 

* 

r 

stars i n  the nuclear region of the galaxy. 

( p  ) = r 
t h e  halo. 

We s h a l l  take yr = 3 eV and 

erg/cm3 as representative values for the  radiation f i e l d  i n  

The The corresponding energy loss  rate is shown i n  Figure 1. 

curves f o r  regions I and I1 w e r e  joined smoothly. 

(v) Leakage Out,of the Galactic Halo 

Even f o r  e lectron energies as high as y N lo1' the Larmor r a d i i  are  e 

only -1 pc, which, presumably i s  much l e s s  than the scale  o r  "magnetic 

f i e l d  condensations" i n  the  halo. For t h i s  reason the high energy electrons 

moving i n  the  halo are l ike ly  t o  penetrate only the  outer  edges of the 

magnetic f i e l d  regions, and the paths of the electrons would resemble t h a t  

of  Brownian motion. The mean free path would correspond t o  motion between 

magnetic f i e l d  condensations and, because of  the  smallness o f  the  electrons '  

Larmor radii, would be independent of energy i f  the  magnetic f i e l d  between 

the  condensations were very s m a l l .  The mean leakage time T f o r  escape 

from the  halo would be roughly 

L 

where % (w 5 x 

path fo r  Brownian motion. 

T is  very uncertain. I n  the  galactic disk the  mean distance between gas 

clouds i s  N 100 pc; h fo r  the  halo is  probably l a rge r  than t h i s .  T&ing 

A = 1 kpc wekcalcdate 7 - 3 x 10~5 sec. 

cm) is the radius of t he  halo and h i s  the mean free 

The appropriate value of h t o  be used t o  calculate 

L 

L 

In  a leakage process the  energy of the  electron i s  not l o s t  gradvally; 

instead essent ia l ly  the t o t a l  energy of the pa r t i c l e  i s  l o s t  ( t o  the  in te r -  

- 16 - 
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' g d a c t i c  medium) instantaneously. The equivalent l o s s  ra te  i s  then ' 

and t h i s  quantity i s  plot ted i n  Figure 1 for 7 = 3 x ld5 s e c .  L 
d)  Electron Production and Energy Losses i n  the  Intergalact ic  Mediun 

The calculation of processes i n  the in te rga lac t ic  medium is  made d i f f i c u l t  

by our lack of knowledge of the  astronomical paraneters such as t'ne gas density 

and magnetic f ield.  Here we s h a l l  present results for assumed values of  the 

parameters. The calculated production rates and energy losses  are simply re- 

l a t ed  t o  the  parameters and can be easi ly  revised when b e t t e r  astronomical data 

are available. Actually, it may be t h a t  some additional knowledge o f  these 

poorly h o r n  data may be gained from fur tner  interpretat ion o f  the high energy 

cosmic photon experiments. 

As mentioned earlier, we assume a universal cosmic rzy flux. Tne p i m  and 

electron production rates are then proportional t o  the  intergalact ic  gas density 

and t h i s  gas i s  very l i k e l y  t o  be predominantly hydrcgen. 

upper l i m i t  t o  the  intergalact ic  density o f  atomic hydrogen is  - 
1962; Davis 1964); t he  amount of  i,onized hydrogen i s  unknown. 

t o t a l  density o f  intergalact ic  hydrogen is  (n ) - 
:osmolrgiczll value and i s  the figure which we s h a l l  adopt. 

1 

Observationally, the  

cmV3 (Ffeld 

The usually assuqed 

t h i s  i s  the so-called 

Also, we s h a l l  

H 

Several cosmological theories including Hoyle Is formulatior, of  the  steady-state 1 

theory, lead t o  values of t h i s  order for  the mean density in  the w,iverse. One 

can a r r ive  at t h i s  result ;y simply set t ing E + V = 0, where E ( =  Me2; M is the 
0 0 

h 

"mass of t he  universe") is  the r e s t  energy of the  universe, and V (- -C$/R; R i s  

the "radius o f  the universe" or Hubble radius) i s  the  gravi ta t ional  energy. 

resul t ing mean density is  about two orders of magnitude greater  than the observed 

!The 

smeared out density (- 3 x gm/cm 3 ) from galaxies.  The bulk of  the matter 

i n  the universe is then a t t r ibu ted  t o  the uncondensed in te rga lac t ic  gas. 

- 17 - 
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' assume t h a t  the in te rga lac t ic  hydrogen i s  fu l ly  ionized. We adopt gauss 

f o r  the  mean in te rga lac t ic  magnetic f i e l d ,  

must  have some, i f  only random, magnetic f ie ld .  

I'ield can be estimated with some r e l i ab i l i t y .  

i n  the universe results i n  a radiation f ie ld  s imilar  t o  the ga lac t ic  (halo) 

f i e l d  but 

and, again, c = 3 eV.  

Ce-rtainly the intergalact ic  medium 

The intergalact ic  radiation -_  
The contribution from a l l  galaxies 

d i lu ted  by about a factor  of ten. Thus we take ( p  ) = 10 -14 erg/cm 3 r 
- 
r 

Assuming the above values f o r  the gas density, magnetic f i e ld ,  and radiation 

density i n  the  in te rga lac t ic  medium the various processes can be calculated 

readily by employing the  relat ions given i n  pa r t  ( e )  of t h i s  section f o r  ga lac t ic  

processes, However, f o r  the bremsstrahlung contribution one nust include the 

e f f ec t s  of electron-electron bremsstrahlung B (see Jauch and Rohrlich 1955) 

as well as the contribution from B 

ee 

Since the cross section f o r  high energy 
eP 

is  approximately equal t o  t h a t  fo r  B and since n = n f o r  the assumed 
Bee ep' e P  

i s  given by simply twice the expression (12) with (n> = l o q 5  em -3 . 2 

fu l ly  ionized in te rga lac t ic  medium, the  t o t a l  bremsstrahlung loss - (dye/dt)3 

Although Bee M B f o r  highly r e l a t i v i s t i c  electrons,  fo r  non-relat ivis t ic  

electrons B << B Essent ia l ly ,  t h i s  is because the photon emission by the 

non-relat ivis t ic  system resu l t s  from the dipole moment formed by the e-p system. 

The "ionization losses" f o r  the fu l ly  ionized in te rga lac t ic  medium actEally 

eP 

ee eP * 

correspond t o  production of plasma osci l la t ions.  The associated expression f o r  

the electron energy l o s s  at high energies reduces t o  (see Hayakawa and Kitao 1956) 

1 - 
2 where u) (=  [4m2 (n)/me] ) is  the  plasma frequency. 

i n  Figure 2. 

Tci- resu l t  i s  plot ted 
P 

- 18 - 
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Fbr the  in te rga lac t ic  medium one should consider another "effective" 

ehergy lo s s  process. The expansion of the universe results i n  an e f fec t ive  

energy l o s s  f o r  the  electrons i n  a given volume of 

1 i s  the  charac te r i s t ic  expansion time given by - where T H-' - 1017 see 
E 3 

1 ( H  = Hubble constant). The fac to r  - takes in to  account the  f ac t  t h a t  the 

expansion is three dimensional, that  is ,  H - I  is the  charac te r i s t ic  time f o r  the 

3 

one dimensional expansion. 

i n  Figure 2 for 

synchrotron radiation, and Compton scat ter ing.  

e )  

The effect ive energy loss due t o  expansion i s  p lo t ted  

= 10 17 sec, along with the  energy losses  due t o  bremsstrahlung, 

The Electron Energy Spectrum i n  the Halo and In te rga lac t ic  MeALim 

H e r e  we consider the  electron spectrum which results from production (v i a  

rr-p-e decay) i n  nuclear co l l i s ions  of  cosmic rays and from the various l o s s  pro- 

cesses. 

withinme c 

equation i n  y (energy) space: 

Let n ( y  ) dy denote the number o f  e lectrons pe r  em3 w i t h  energies 

dye The spec t ra l  e lectron density ne(y ) satisfies a continuity 

e 

e e  e 
2 

e 

In Equation (24) t he  terms on the  r ight  hand side ( r .h .s . )  represent scmces and 

sinks of high energy electrons corresponding t o  production, m i h i l a t i o r , ,  an6 

t o  processes leading t o  a sudden l o s s  of a large f rac t ion  o f  the  energy of the 

electron; terms representing leakage out of the halo or the  expansion o f  the 

universe would a l so  be included on the r.h.s.. 

t o t a l  gradual energy loss  from processes described e a r l i e r .  

The factc;. dye/dt represents the  

We s h a l l  consider 

steady s t a t e  conditions, so t h a t  ane(ye)/at = 0 .  



* 
i) Electron Spectrum in the  Galactic Halo a 

From Figure 1 we see t h a t  f o r  y 5 10 4 (region I) the  e f fec t ive  energy 
e 

l o s s  i s  primarily by leakage from the  halo and the  continuity equation re- 

duces t o  

where %(Ye>  i s  the production spectrum given by equation (8) and i s  o f  

the  form k y-ln, and T i s  the leakage time. Thus, f o r  ye, 5 10 4 .I ne(ye) is 
e e  L 

of t h e  form 

The electron spectrum i n  region I i s  essent ia l ly  the same as  the proCiuction. 

spectrum, t h a t  is, the electrons escape from the galaxy without losing an 

appreciable amount of t h e i r  or iginal  production energy. 

For y 2 lo5 (region 11) the  electrons lose t h e i r  energy primarily by 

e e 

e 

synchrotron radiation f o r  xhich dy /d t  = -by ', and the  continuity equation 

reduces t o  

The solution i s  then 

With the assumed values f o r  the parameters and with k conputed from e 

equations (7) and (8) the calculated spec t ra l  e lectron density i s  shown i n  

Figure 3. The solutions for n ( y  ) i n  regions I and I1 were joined smoothly. e e  

ti) Electron Spectrum i n  the Intergalactic Medium 

The approximate spectrum o f  the in te rga lac t ic  electrons is  calculated by 

similar procedures. We approximate the  e f fec t ive  energy loss f o r  y I 10 5 e , 

(region I, see Fig. 1) by the expansion loss and fo r  y 2 lob (region Ii) e 

- 20 - 



' a  

b . 
by synchrotron losses .  The electron spectrum i n  the two regions is 

then given 5y expressions similar  t o  equations (25) and (27)  f c r  x e  ~ . -  L I Z , ~ ~ ,  

e s sen t i a l ly  w i t h  -rL replaced by T The calculated spectrum, the CUFJCG 

f o r  the  two regions joined smoothly, i s  shown i n  Figure 3 f o r  the previomiy 

s t a t ed  assumed values of the astronomical parameters. 

E '  

f )  High Energy Photon Flux from Various Processes 

"he photon production s p e c t r m  by a given process may be computed from the 

electron (energy) spectrum ne(ye) and the expression f o r  the  photon enlssion 

spectrum by t h i s  process as a function of y . 
The energy l o s s  by an electron o f  energy E 

dN photons of energy within de is  

Denote the  photon energy by e .  

in time d t  due t o  tne  emission of  

e 

e 

-dEe = 6 dX = f(E,, S) de dt ,  (29) 
- 

where f(Ee,e) is  the  emission spectrum. 

pe r  second p e r  interval of e Sy an electron spectrum ne(ye) would then be 

The number of photons emitted per  cx' 

We now approximate the  emission spectrum by a &-function at the  charac te r i s t ic  

photon energy cc: - 
2 

dye m c  
= - f(Ee,e) 4- - - 6 ( E - E ~ ) ,  

1 e dl? 
de d t  8 8 d t  

where e = ec(ye). 

s ight  of path ds = R would be 

The photon spectral  flux due t o  emission along a l i x e  o f  - C 

s 
The incident photon spectra  from both the  galaxy and t h e  in te rga lac t ic  nedi-m are  

readi ly  calculated from the  equations ( 3 0 ) ,  (D),  and ( 3 2 )  using t he  derived 

electron spectra  n ( y  ) and the  p-.pr:ssions f o r  the  energy losses -(dye/dt). 

For synchrotron emission eC 

e e  
2; fo r  bremsstrahlung cc M n; c ; f o r  

=h% ye e ye 

- 21 - 
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the Compton 

Compton process 

4 

- 
process from electrons with y << m c2pr ,  ec M erye2; for the  ' e e 

from electrons with ye >> m c 2 f i  e m m c 2 e r' c e ye- 

Taking a path length R = 5 x cm ( the  radius of the  ga lac t ic  halo) f o r  

cm (half  the  HGbble ,Radius) f o r  t he  the galaxy and a path length R = 5 x 

in te rga lac t ic  ntedium, the resul t ing photon spectra are shown in Figure 4. The 

spectra  are for  synchrotron radiation, bremsstrahlung, Compton scat ter ing,  and 

nO-decay. ,( calculated d i r ec t ly  from the pion production spectrum (eq. (7)).  

One t h i r d  of the  pions produced are #ls, .and each # gives two photons of mean 

energy In Figure 4 the  photon energy is  given with respect t o  mec2; 

"he spectra f r o m  #-decay are 

2 m c . YTT TT 

t h a t  is, 11 = e/mec 2 , j(1) = dJ/dq. 

The galact ic  photon fluxes plot ted on Figure 4 are averaged over a l l  

direct ions.  

decay would be g rea t e s t . i n  t he  direction along the  ga lac t ic  plane where the pro- 

Actually, the photon f lux per  s teradian from bremsstrahlung and if' 

duction takes place. The synchrotron radiation and Compton photons would a l so  

show a moderate anisotropy due, at l ea s t ,  t o  our off-center posi t ion i n  the galaxy.  

We have not comguted the  spectrum frompositron annihi la t ion.  Tne cross section 

f o r  d i r ec t  positron (energy: y m c ) annihilation with an electron at  rest i s ,  

at  high energies, (Jauch and Rohrlich 1955) 

2 
e e  

so t h a t  t he  bremsstrahlung spectrum dominates the  annihi la t ion spectrum by a 

f ac to r  - ay f o r  ye 2 lo2. A t  lower positron energies (ye < 10 ) ionizLtion 

losses  are dominmt (see Fig. 1) and the positron comes e s sen t i a l ly  t o  rest 

2 
e 

before annihi la t ing,  giving two photons each of energy 7 % 1. 

To calculate  the photon flux from the in te rga iac t ic  medium we have taken 

e s sen t i a l ly  a s t a t i c  Euclidian universe cu t  off  at  R = 5 x cm. It i s  

na tura l  t o  inquire in to  the  e f f ec t s  of the expansion ( d i f f e r e n t i a l  red s h i f t )  

and de ta i led  stmcture of the  universe on the  resu l t ing  photon spectra.  It cas7 

- 2 2 -  
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4 
be shown- t h a t  only if the photon production spectrum is a power l a w ,  w i l l  the  -- e 

observed flux show the  same shape spectrum (power l a w  w i t h  the  same index), 

independent of tne s t ructure  (including expansion) of t he  universe. This resul ts  

essent ia l ly  because the Doppler-shifted photon energy i s  proportional GO the  un- 

sh i f ted  energy. As a result, our calculated spectra, which are of the  power l a w  

type in different  energy regions, depend on the  detai led s t ructure  of t he  universe 

only regarding the  energy at which the  spectra change t h e i r  slope (at  7 -10 5 fo r  

B and C, Fig. 4) .  The s h i f t  i n  t h i s  c r i t i c a l  energy is l i k e l y  t o  be l e s s  than 

an order of magnitude, however. 

I n t e r s t e l l a r  and intergalact ic  photon absorption have also been neglected. 

Absorption is  unimportant except possibly f o r  the long wavelength end of the 

X-ray region (see Gould and Burbidge 1963) and also f o r  the high energy region 

around loL2 eV i n  the intergalact ic  medium. A t  photon energies around lo1* eV 

the absorption cross section f o r  e 

col l is ions with the thermal quanta of t he  intergalact ic  radiat ion f i e ld  reaches a 

maximum (Nikishev 1962, see a l so  Goldreich and Morrison 1964). 

energy the m e a n  free path f o r  photon absorption may be an order of magnitude 

smaller than the cut-off distance R N 5 x cm which we have employed i n  

ca lcu l ta t ing  the photon flux from the  intergalact ic  medium. 

+ - - e p a i r  production by (photon-photon) 

Around t h i s  

We should l i k e  t o  emphasize again that the calculated photon fluxes are only 

ap;>roximate, and t h i s  should be kept i n  mind when we attempt possible interpretat ions 

of the observations. 

ray co l l i s ions  i s  very rough, especial ly  a t  low energies where the Fermi theory 

should be invalid.  Moreover, as mentioned earlier, ou r  assumed cosmic ray 

spectrum is too large at  the  low energy end; t h i s  e f f ec t  alone would produce a 

bend i n  the calculated photon fluxes a t  l o w  energies such t h a t  the low energy ends 

of the  curves i n  Figure 4 should be reduced by about an order of magnitude. 

In par t icular ,  our treatment of meson production i n  cosmic 
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, .  * 
- g) Comparison with Observations - Discussion * 

The experimental points exhibited i n  Figure 4 correspond t o  t'he observed 
' 

cosmic background photon fluxes as summarized i n  Table 1 below.3 The observations 

In t h i s  discussion we have taken the observational values given i n  Table 1 a t  

t h e i r  face value. 

Lisge meeting, it appears now tha t ,  while the background X-ray fluxes have been 

However, as was stressed by D r .  Kraushaar i n  h i s  paper at  the  

detected at  the leve ls  quoted, the y-ray results are  more uncertain and should 

a l l  be t r ea t ed  as upper l imi t s  t o  the fluxes which may be present. That w e  are, 

therefore, only discussing possible explanations of hypothetical y-ray fluxes 

i n  t h i s  section i s  t o  be emphasized. 

are i n  essent ia l ly  four energy regions and are  over ranges such tL; A ? / j  N 1. 

There is, of course, another range of energies where cosmic photons are observed, 

namely, the  radio range. The radio spectrum i s  represented f a i r l y  well by the  

low energy range (not included i n  Fig. 4) of the  calculated synchrotron radiation 

spectrum. We sha l l  return t o  t h i s  question of the radio spectrum shortly. 

We now consider the poss ib i l i t i e s  of interpret ing any of the  obse-rved photon 

fluxes i n  terms of the various calculated spectra represented i n  Figure 4. Fi r s t  

consider t he  X-ray observations. 

of  magnitude above the curve S 

The f lux  j(1) f o r  point X (Fig. 4) i s  five orders 

and s ix  orders o f  magnitude above S. This dis-  
I 

crepancy is, i n  our opinion, suf f ic ien t  t o r u l e  out the interpretat ion of  the point 

X as due t o  synchrotron radiation, at leas t  i f  the high energy electrons are  o f  a 

secondary or igin.  do not extend t o  lower energies because we 

have considered electrons with ye 2 lo2, and i n  our approximate calculatiocs have 

assumed t h a t  (e) = y e = 3 eV,  giving (e) 2 30 keV. However, due t o  the  

d is t r ibu t ion  of thermal photon energies t h e r e  i s ,  of course, a d is t r ibu t ion  of 

photon energies which can be produced by an electron of given energy. 

1 

The curves C and C 

2 -  
C e r  C 

Moreover, 

f o r  a pion decaying a t  rest there is  s t i l l  an appreciable probabili ty for a l o w  

energy b y ,  ye - 30) electron being produced. Therefore, the  Compton spectra 
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I 

Ctand C 

believe t h a t  the  X-ray point can be due t o  the  Compton process, i f  the  electrons 

responsible f o r  the scat ter ing have a secondary origin.  

mentioned, the actual  cosmic ray- spectrum which produces the l o w  energy pions 

and f ina l ly  electrons is  smaller by about a fac tor  of 10 than the  power l a w  

spectrum used t o  compute the  curves i n  Figure 4. 

f o r  example, t he  curve C t o  the  X-ray region would s t i l l  f a l l  about three orders 

of magnitude below the observational point B. 

cer ta inly do extend t o  the X-ray region. In s p i t e  of t h i s ,  we do not 

For, as previously 

A r e a l i s t i c  extrapolation of,  
I 

Felten and Morrison (1963) suggested t h a t  not only t h e  X-ray flux, but a l so  the  

photon fluxes 

process i n  the intergalact ic  medium. They suggested t h a t  the sources of the 

high energy intergalact ic  electrons are  the strong radio sources. We can see 

from the curve C i n  Figure 4 t h a t  the intergalactic spectral  density ne (ye) 

required t o  explain the  results is about 20-30 times as large as the  density which 

we estimated t o  result from secondary production i n  intergalact ic  space. The 

Compton spectrum m u s t ,  of course, extrapolate t o  the X-ray region and t h i s  pre- 

cludes a secondary or igin f o r  the electrons, unless they are produced by a cosmic 

ray spectrum which has a much higher intensi ty  a t  low energies than t h a t  f o r  

cosmic rays observed at the  ear th .  We cannot rule out the Felten-Morrison 

hy-pothesls; i n  fact ,  elementary considerations of the necessary number o f  sources 

( radio galaxies) of high energy electrons i n  the universe suggest t h a t  the  hypothesis 

is  reasonable quantitatively.  As we have shown, f o r  our galaxy t h i s  re la t ive ly  

low energy par t  of the electron spectrum, t h a t  is, the radio electrons,  does escape 

from the  g d l q  in to  the  in te rga lac t ic  medium before losing an appreclable amomz 

of t h e i r  i n i t i a l  energy. As we s h a l l  show presently, i f  the  Felten-Morrison idea 

is correct,  the amount of synchrotron radiation which these electrons would pro- 

duce places an upper l imi t  t o  the  intergalact ic  magnetic f i e ld .  

at  -1 MeV and -100 MeV (see Table 2 ) ,  are  due t o  the Compton 

I 
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Finally, we should l i k e  t o  mention another possible explanation fo r  the e 

observed background X-rays. 

i n  Scorpius i s  at a distance - 10 hpc (roughly the distance t o  the galact ic  

center),  t h a t  is, i f  we assume essent ia l ly  t h a t  it i s  a ga l t c t i c  source, we can 

If we assume tha t  the  strong discrete  X-ray source 

compute i ts  i n t r i n s i c  X-ray luminosity. 

every galaxy i n  the  universe has an X-ray source of t h i s  luminosity we can com- 

pute the background flux from t h i s  hypothetical d i s t r ibu t ion  of X-ray sources i n  

galaxies out t o  the  Hubble radius. 

(Gould and Burbidge l963), one obtains a background flux of roughly the  observed 

magnitude. 

individual X-ray sources i n  galaxies, but only t h a t  the source i n  our Galaxy is  

is  of average magnitude. 

If  we then assume t h a t  on the  average 

When one performs t h i s  elementary ca lcu la t ion .  

Clearly, t h i s  calculation makes no assumption as t o  the  nature of t he  

We had or iginal ly  assumed the  strong galactic source t o  l i e  i n  the center 

of the  galaxy. 

established t h a t  the  strongest X-ray source l i e s  i n  Scorpius, about 20' off the  

galact ic  center, more recent work by both the NRT, and MIT groups has indicated 

t h a t  there  is  indeed a f a i r ly  strong X-ray source i n  the direct ion of the galact ic  

center.  We w e r e  l ed  t o  consider the  galactic center as a source of X-rays a f t e r  

performing a theore t ica l  analysis of the  apparent exci ta t ion conditions i n  external 

Although the  NRL group (Bowyer e t  a l .  1964) seems t o  have -- 

s p i r a l  galaxies (see Burbidge, Gould, and Pottasch 1963). 

stel lar  u l t rav io le t  radiation i n  ga lac t ic  nuclei w a s  insuff ic ient  t o  balance the  

apparent rapid cooling rate of the  in t e r s t e l l a r  gas i n  nuclei ,  and postulated the  

existence o f  a flux of corpuscular par t ic les  (protons, and/or e lectrons)  i n  galact ic  

nuclei .  Such a pa r t i c l e  flux can produce X-rays in  the i n t e r s t e l l a r  gas e i t h e r  5y 

bremsstrahlung o r  by K-series emission by certain elements a f t e r  the eject ion of a 

K-shell electron. 

existence of a similar flux of "suprathermal" pa r t i c l e s  i n  the galact ic  s p i r a l  am 

We found t h a t  the  

Hayakawa and Matsuoka (1963) have a l so  considered the possible 
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regions and the associated X-ray continuum and l i n e  radiation. 

which they errvision is  t h a t  or iginal ly  suggested by Hayakawa as a heating mechanism 

i n  interstellar H I regions. 

explain the  observed temperature of H I regions (see Gould, Gold, aad Salpeter 1963). 

Although the  hypothetical pa r t i c l e  fluxes which were coxsidered by Hayaliawa and Kitao and 

by us 

X-ray spectra  may s t i l l  be relevan$. Quite independent of the specif ic  p a r t i c l e  

energy spectrum, it appears t h a t  the amount of X-radiation emitted in  l i nes  (K-series 

X-rays) i s  about 10% of the  integrated continuum radiation. 

with only moderate spec t ra l  resolution one may be able t o  observe cosmic X-ray 

emission l i n e s .  

The pa r t i c l e  flux 

However, t h i s  heating source i s  not real ly  needed t o  

may not exis t  under the or ig ina l  exact conditions, the  computed associated 

!Thus it appears tha t  

Regarding the  possible interpretat ion of the observations at 1 MeV (A, Fig. 4), 

we see t h a t  the observed flux is about an order of magnitude above the  calculated 

curve C . In  view of the  inaccuracies involved t h i s  "agreement" within an order of 

magnitude indicates t h a t  Compton scat ter ing by secondary-produced in te rga lac t ic  

electrons provides a possible explanation f o r  the observed photon flux a t  1 MeV. 

O f  the  calculated processes represented i n  Figure 4 t h i s  appears t o  be the  only 

possible association with the observations a t  1 Mev. 

cer ta inly does not extend below log 'f) = 2 (E NN 50 MeV), and the bremsstrahlung 

spectra B and 'B 

secondary electrons can e m i t  a bremsstrahlung spectrum extending t o  the  lower 

energies, t h e  corresponding bremsstrahlung photon would then carry away only a 

small f rac t ion  of the  e lec t ron ' s  energy, and the photon production process would 

be l e s s  e f f i c i e n t .  

I 

The spectrum from r f  decay 

I 
m u s t  be l e s s  steep below log 11 = 2 since, although the energetic 

It would appear f r o m  Figure 4 t h a t  the - 100 MeV photon flux which Krausnaar 

and Clark first reported could be accounted f o r  by # Is produced i n  the galaxy o r  

in the in te rga lac t ic  medium. However, our calculated rr" spectrum, based on the 
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F e d i  theory, i s  very unsatisfactory a t  the low energy end. 

p-p co l l i s ions  it i s  primarily TT mesons t h a t  are  produced and a more accurate 

For low energy 
+ 

treatment of meson production than our extrapolation of the Fermi theory must 

be employed. 

included e s s e n t i a l y  the whole spectrum from decays of d " s  of  a l l  energies, 

and most of the #Is produced are of low energy. By employing the available 

data on meson production by incident protons of energy less than 10 Bev and 

Now, i n  the Kaushaar-Clark observation the  photon f lux observed 

the observed low energy cosmic ray spectrum, Pollack and Fazio (1963) have 

comguted the rate  of production of pions by p-p, p-CY, and a-p co l l i s ions  per  

hydrogen nucleus as the rate of production of r? decay and positron annihi la t ion 

(after rr+ -. p -, e + decay) photons: 

rrO-decay: qo w 1 x photons/sec-ster 

positron annihilation: q+ 2 x 10 photons/sec-ster. -26 

The nO-decay photons have energies above about 70 MeV and the ga lac t ic  positron 

annihi la t ion photons have energies of about 0.5 MeV, since the positrons come 

es sen t i a l ly  t o  rest before annihilating. 

of density (I$ of extent R would then be 4nqo (%) R and in  t h i s  manner we 

-4 estimate fluxes of 2 x 10 

the galaxy and in te rga lac t ic  medium respectively; the ga lac t ic  flux i s  a 

d i rec t iona l  average. The Kraushaar and Clark f lux is roughly the same as the 

calculated contribution from the intergalact ic  medium w h i l e  the  flux observed 

The #-decay photon flux from a region 

photons/cm2-sec and 6 x photons/cxn2-sec from 

by Duthie -- e t  al. is  an order of magnitude l a rge r .  

between the Kraushaar-Clark and Duthie -- e t  a l .  observations may l i e  i n  the  l a t t e r ' s  

The or ig in  of the discrepancy 

extrapolation of t h e i r  balloon observations t o  zero atmospheric depth. A t  any 

ra te ,  it is c lear  t h a t  an upper l i m i t  t o  essent ia l ly  the product of the in te r -  

ga lac t ic  cosmic ray f l u x  and gas density is established by these observations. 
I 
I 
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The ,calculated in tens i ty  of the  positron annihilation l i n e  using Tollack and 

Fazio's  value fo r  q+ and again the "standard" intergalact ic  gas density 

is  1 x photons/cm2-sec which is just below the  upper l imi t  

However, i z t e r -  of 1 .5  x photons/cm2-sec established by Arnold e t  a l .  

galact ic  r e l a t i v i s t i c  positrons do not slow down before annihilating (see 

Fig. 2) and would not produce a 0.51 MeV l ine  but ra ther  an annihilation 

continuum extending t o  higher energies. 

-- 

"he point denoted by EAS in Figure 4 results f r o m  observations of Extensive 

A i r  Showers (Firkowski e t  al .  1962, Suga e t  al .  1962) i n  which an abnormdlly 

l o w  number of muons were observed, indicating possibly tha t  the shower was 

- A- -- 

i n i t i a t e d  by electromagnetic processes rather than by a nuclear co l l i s ion .  I f  

these showers result from primary photons the flux of these photons would be 

- times the flux of cosmic ray protons at the same energy. The results 

of these experiments are questionable and may only represent an upper l i m i t  t o  

the  primary cosmic photon flux a t  these high energies. I n  Figure 4 we see t h a t  

the EAS point  l i e s  2 o r  3 orders of magnitude above the curve corresponding t o  

the decay of high energy secondary-produced ff -mesons in  the in te rga lac t ic  

medium. 

-- 

As was mentioned in the footnote at  the beginning of t h i s  section, it i s  

necessary t o  emphasize the preliminary nature of a l l  of these observations of 

high energy photons. 

established, the existence of posi t ive fluxes at higher energies (the 

100 MeV, and eV observations) is - not established. 

these higher energy photons probably should all be taken as upper limits u n t i l  

the  observational s i tua t ion  is  c l a r i f i ed .  For example, the - MeV observations 

may be plagued by radioact ivi ty  induced in the c rys t a l  of the s c i n t i l l a t i o n  

detection (see Peterson 1964) . 

While the existence o f  cosmic X-ray sources seems well 

XeV, 

The fluxes given f o r  
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We conclude oy r  discussion here w i t h  a few remarks about the observed 

cosmic radio spectrum fromthe galact ic  halo, which is  undoubtedly due t o  

synchrotrontron radiation by r e l a t i v i s t i c  electrons.  

the question as t o  whether the electron spectrum can be account f o r  by 

k attempt t o  answer 
I 

secondary production by cosmic rays. 

a nmiber of authors in a manner s imi la r  t o  our treatment. 

This problem has been considered by 
l 

However, our view 

d i f f e r s  somewhat in tha t  w e  consider leakage f r o m  the halo as the primary 

loss  process f o r  the radio electrons.  

If the energy radiated p e r  second per in te rva l  of frequency by an electron 

of energy y m c 2 is  P(v,ye), the spec t ra l  in tens i ty  (erg/sec-em2-ster-frequency 
e e  

in te rva l )  of radiation received f r o m  a direction r i s  

where n (y ) dy e e  e 

spectrum ne(ye) = Keye 

taking P(v,ye) t o  be equal t o  the expression (13) f o r  a e / d t  times a 6 - m c t i o n  

6(v-v y 

magnetic f i e l d  H and a path length j d r  = %, the halo radius, we obtain a 

familiar result: 

is the d i f f e r e n t i a l  electron density. For an electron I '  
-re the  in tens i ty  Iv may be computed approximately by 

2 ) at the frequency where P(v,ye) is a maximum. Assuming a constant 
L e  

a power l a w  spectrum with exponent o! 5 [re-1)/2 i s  a l so  obtained using 

the  exact expression f o r  P(v,ye). 

the observed value (5OOOK) of the radio brightness temperature \ = Iv X2/2k a t  

The constant K may be determined by e 
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1 . 
100 Mc/sec i n  the  direct ion of the 'galactic pole. Employing equation (35) 

% = 5 x gauss, cm, re = 2.8 (cy = 0 , 9 ) ,  we obtain -6 with H = 3 x 10 

= 1 x Ke 

from the  production and lo s s  processes. 

~ m - ~ .  This number is t o  be compared with the value calculated 

By equations (7 ) ,  (8), and (25) we 

get  f o r  t he  calculated Ke: 

-2 -1 sec Using the  previously assumed values' K = 100 cm 

T = 3 x 1015 sec we calculate  Ke = 1 x 10 

value is  for tui tous.  Actually, the observed radio spectrum has an index 

CY w 0.7-0.8, and we have adopted the  "theoretical" value 0.9. 

, (%> = 0.03 cmm3, P 
-6 cm3; the agreement w i t h  the  radio L 

Phis discrepancy 

may not be serious; the  observed s l i g h t l y  f l a t t e r  spectrum could be accounted 

f o r  by a s l i g h t  var ia t ion  with ye of the e f fec t ive  value of T 

T were  s l i g h t l y  shorter  f o r  the  l o w  energy electrons (caused, perhaps, by 

another energy loss process at  low energy) the smaller value of a and re could 

be understood. 

For example, i f  L' 

L 

A more accurate treatment of the production spectrum could a l so  

indicate a smaller value f o r  (Y arid . Further, we might mention t h a t  w i t h  our e 

assumed values of the parameters (density, magnetic f i e l d ,  e t c . )  f o r  the in t e r -  

ga lac t ic  medium the calculated synchrotron in tens i ty  i n  the  radio region from 

the  in te rga lac t ic  medium is comparable t o  t h a t  from the  halo, while, as is seen 

from Figure 4, the  calculated intergalact ic  synchrotron radiation i s .  

grea te r  by - 10 at the high energy end. 

on many assumptions, but these assumptions may well be va l id ,  and much o f  the 

observed non-thermal radio background radiation may be coming frm the  in t e r -  

ga lac t ic  medium. 

ac tua l ly  

Admittedly, our calculations are based 

It is of i n t e re s t  t o  consider t h e  requirements on the  in te rga lac t ic  magnetic 

f i e l d  i f  the Felten-Morrison idea i s  correct.  

curve C '  t o  pass near- the points X, A, and K-C, the  value of Ke must be l a r g e r  

From Figure 4 we see t h a t  f o r  the  
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by a f ac to r  - 30, o r  m u s t  be M 3 x anm3. One can then cornpute the in te r -  

27 galac t ic  magnetic f ie ld ,  by equation (35) with 51 -, 5 x 10 cm, 3 the  Hubble 

radius, necessary t o  produce a brightness temperature of 500°K at 100 Mc/sec. 

One then f inds 1 x gauss f o r  t h i s  magnetic f i e ld .  Thus, i f  the Felten- 

Morrison idea is correct,  the  intergalact ic  magnetic f i e l d  must be less than 

1 x gauss. 

Finally,  we should l i k e  t o  mention a M h e r  check on the calculated 

spectrum of the  halo electrons.  

e t  al. 1964) has reported the  measurement of a primary cosmic ray electron 

Recently the French-Italian group (Agrinier 

~ -- 
I f lux of 6.6 x particles/cm2-sec-ster f o r  E > 4.5 BeV, corresponding a l s o  e 
l t o  an electron proton cosmic ray r a t i o  of 1 x loe2. This measurement of the 

primary electron flux at f a i r l y  high energies is probably more relia-ole than 

I 

results of measurements at  lower energies which are influenced by s o l a r  ac t iv i ty .  

The measured flux i s  t o  be compared with tha t  from the  calculated spectra  above 
I 
I 
I 

2 -6 - BeV/mec ). One finds, with Ke = 1 x 10 cm 3, re = 2.8, 
-r 

e dye w 1 x particles/cm2-sec-ster. This flux 
U 
7 0  

is  somewhat smaller than the observed one, but i n  view of the uncertainties 

involved in  the calculations,  agreement within an order o f  magnitude is  a l l  

t h a t  one could hope for .  

h )  The Hot Universe Model - Bremsstrahlung from the Intergalact ic  Medium 

Gold and Hoyle (1958) have suggested a cosmological model i n  which the 
I 

in te rga lac t ic  medium is at a very high temperature (-lOgOK). The high temperature 

is  supposed t o  a r i s e  from the  - 1 MeV electrons which would r e su l t  a f t e r  the decay 

of spontaneously created neutrons as envisioned in  the steady-state theory. 

formation within the framework of t h i s  model w a s  considered by Burbidge, Burbidge, 

and Hoyle (1963). 

hot in te rga lac t ic  medium would emit thermal bremsstrahlung photons i n  the X-ray 

Galaxy 

An observational t e s t  o f  t h i s  model can be made, since such a 
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'region where observations have been made (Bowyer e t  a l .  1964). 

electron ener& (Ee) = 50 kev, and a density ne = n = 1.2 x 

production of bremsstrahlung photons within the energy range of the observations 

i s  about r = 1.17 x photons/cm3-sec (Gould and Burbidge 1963). Taking a 

cut-off radius R = 5 x 

fb = rb R/4n - 50 photons/cm2-sec-ster t o  be expected at the earth.  T h i s  flux is  

For a mean thermal 

the rate of 

-- * 

P 

b 

cm for  the universe, one calculates a flux 

- 10 times the  observed X-ray  background' flux and i s  evidence against the hot 

universe model (and the steady-state theory with spontaneous creation of neutrons). 

Actually, i f  the appropriate intergalactic density t o  be used is four times the 

usually adopted 2 x 3 gm/cm , as suggested by Sciama (1964), the disagreement 

with observations is  even more violent.  In any case it appears t ha t  the X-ray 

observations have established an upper l i m i t  of 10 O K  for  the temperature of the I 7 

i intergalact ic  medium. 

i) Matter and Anti-Matter and the Steady State  Cosmological Theory 

The a t t rac t ive  feature of the steady state i s  i ts  simplicity. The unique 

feature i s  a spontaneous creation rate  of "new" matter dn/dt - 3 Hn, where 

n - 
hydrogen density i n  the intergalactic medium) and H is  the Hubble constant 

i s  the mean matter density in the universe (taken t o  be the mean 

) . One might expect that  in the spontaneous creation process, ( 3  H -10 -17 sec-l 
~ 

I t o  conserve baryon and lepton number, par t ic les  and ant i -par t ic les  are created. 

I Since the expansion rate constant 3 H is  about two orders o f  magnitude greater 

than the annihilation rate (see below), Burbidge and Hoyle (1956) suggested the I 

poss ib i l i ty  of an appreciable abundance of anti-matter i n  the universe. This idea 

I can be put t o  a test ,  since the end products of matter and anti-matter annihilation 
I 
I are - observable high energy y-rays. 

Let us suppose tha t  (p,e-) and (5,e') are  spontaneously produced and have a 

steady state mean number density n = and & respectively, where r 
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denotes-the mean r a t i o  of anti-matter t o  matter (o r  vice-versa). 

pokitron annihi la t ion cross section at non-relativist ic energies is  (Jauch and 

The e lec t ro i -  . 
2 Rohrlich 1955) oa = nro /B, where ro i s  the c lass ica l  e lectron radius and 8 = V(c. 

The annihilation r a t e  is  then dna/dt = 

the  expected flux of 0.51 MeV photons from the in te rga lac t ic  medium out t o  a 

distance R - 5 x cm i s  R dna/dt - x 10 photons/cm -see. T h i s  can be 

reconciled with the  upper l i m i t  of 

(1962) only i f  r C 10 

-24 n2 m 2c - r x 10 emm3 sec-l ,  and 
0 

4 2 

photons/cm*-sec suggested by Arn’old e t  a l .  -- 
-6 . This means tha t  i f  there  is appreciable anti-matter i n  

the universe, it must be separated from matter, so t h a t  it cannot annihilate and 

produce observable y r a d i a t i o n .  

A l i m i t  on the amount of anti-matter i n  the universe can also be provided 

from an analysis of the y-ray experiments a t  higher energies which can detect 

rrO-decay y ’s .  In the proton-antiproton annihilation N 5 pions are produced, some 

of which a re  no’s which produce y-rays of energy - 100 MeV i n  t h e i r  decay. 

each p-f; annihilation about 4 y-rays are produced. 

sect ion TT A, - 6 x 10 

I n  

Taking an annihilation cross 

-26 4 7 2 
cm2 and a mean r e l a t ive  p-5 veloci ty  of - 10 cm/sec, 

~ ~~ ~~~ ~~~ ~~~ 

5 This corresponds t o  a thermal veloci ty  at, 10 OK, which  is the l a t e s t  estimate 

of the temperature of intergalact ic  matter (Sciama 1964-a). 

electrons and positrons from the  decay of charged pions produced i n  p-5 annihi- 

l a t ions  would not, be thermalized i n  a time (yi)-’ and would produce a weak 

The r e l a t i v i s t i c  

ana ih i la t  ipn continuum. 

one computes a flux of N 100 MeV y-rays o f  - 2 photons/cm -see. The experhients 

of Kraushaar and Clark and Duthie e t  al .  would then imply 

appears t h a t  i n  the steady state cosmology matter and anti-matter cannot be 

Thus, it -- 

created i n  comparable amounts i n  the  same region. 

Finally; regarding cosmological t e s t s ,  we should l i k e  t o  mention the recent 

discussion by Sciama (1964b; see a l s o  Goad and Sciama 1964). Sciama indicates 

how the  measurement of the  shape of an emission l ine ,  smeared in to  a continuum by the 

cosmic d i f f e E n t i a 1  red s h i f t ,  would provide information about the s t ructure  or’ the 

- 34 - universe at great distances. 
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111. HIGH ENERGY RADIATION FROM STARS 

a) Hard Radiation from S t e l l a r  Coronae 

Since the sun i s  the only star whose corona is d i r ec t ly  detect ible ,  a l l  

theories  concerning the or ig in  and conditions i n  a corona have s temed from it. 

The first question t h a t  a r i s e s  is  therefore whether it is  plausible t o  suppose 

t h a t  other  stars have coronae similar t o  t h a t  of the sun. To answer t h a t  

question it is necessary t o  consider the probable or igin and source of heating 

of the s o l a r  corona. The theory of the expanding so la r  corona (cf .  Parker 1-963) 

is based on the concept t h a t  the  convection below the photosphere generates wave 

motions (both acoustic and hydromagnetic waves have been discussed) which propa- 

gate upward and diss ipate ,  and it is  the diss ipat ive heating which leads t o  

coronal expansion. 

extensive outer  convection zones w i l l  maintain expanding coronae. 

imply t h a t  a l l  main sequence stars below about F2 (M 5 1.5  Ma) would have 

extensive coronae and these stars comprise a considerable f rac t ion  of the  nass 

of a galayy. Also, a l l  stars in  the giant stage of t h e i r  evolution would have 

coronae. The c r i t i c a l  question next is  t o  estimate the average temperature of 

such hypothetical coronae. 

It therzfore may be supposed t h a t  all s t a r s  which have 

This would 

Parker (1963) has pointed out t h a t  coronae heated at t h e i r  bases w i l l  have 
, 

temperatures given approximately by the  re la t ion  %/RkT 2 4, or T 

with (M/R)measu~d in  so l a r  units. 

5.8 x 10' (M/R)'K 

For stars o$ the  main sequence M/R is of the order of unity s o  t h a t  coronal 

temperatures i n  the range 10 - 10 degrees are  t o  be expected. For giant stars 

M/R is  5 0.1 and f o r  supergiants it is  S 0.01. 

6 7 

Thus the temperatures of the 

hypothetical coronae of giants  are expected t o  be 5 lo6 degrees, while f o r  super- 

giants  they am s; lo5 degrees, and it would  appear t ha t  only main sequence s t a r s  

are l i k e l y  t o  have hot enough coronae t o  emit X-rays. 

arguments f o r  supposing t h a t  more massive main-sequence stars a l so  may have 

Parker has given various 
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cgronae. H o m e r ,  the  spectroscopic evidence fo r  extended atmospheres in  these 

stars suggests that the  gas has teloperatures only - 10 degrees (the heating i s  4 

by d i l u t e  s t e l l a r  radiat ion) .  

coronae. 

Thus it is highly improbable t h a t  they have hot 

It is of interest t o  estimate the expected X-ray f l u x  from the  coronae of 

The problem of estimating t h i s  f lux,  made all the stars i n  the  ga lac t ic  disk.  

d i f f i c u l t  by our lack of knowledge of the density, temperature, and volume of 

stellar comnae, was considered by Wallace Tucker at  UCSD. We shall out l ine h i s  

calculations br ie f ly  and present the  resul ts .  

corona in the  2 - 8 ~  region (where there  are observations) i s  produced pr incipal ly  

by bremsstrahlung, radiat ive recombination, and by l i n e  emission following K-shell 

e lectron co l l i s iona l  exci ta t ion.  In computing the fluxes due t o  these processes 

the  methods employed by Elwert (1952, 1954, 1961) were used, whereby the ions 

are assumed t o  be hydrogen-like and proper correction factors  ( G a u n t  factors  ) 

The X-ray emission from a hot 

I are introduced when necessary. The power radiated by each element is, proportional 

t o  the product neni of the electron and ionic density, so t h a t  ’ e ionization 

equilibrium (n./n ) must be computed. This has been done by House (1964) f o r  

the elements from H t o  Fe fo r  temperatures up t o  11 million degrees, using the 

c l a s s i ca l  ionization theory developed by E l w e r t  and others.  

arr ived a t  i n  t h i s  manner by House and the element abundances f o r  the s o l a r  

i e  

The values o f  .ni/ne 

corona as determined by Pottasch (1960) were used t o  compute the  2 - 8 ~  X-ray power 

Px radiated per uni t  volume by a Maxwellian gas f o r  d i f fe ren t  temperatures given 

in  Table 2. The bremsstrahlung is  due mainly t o  hydrogen whi;e the recodolnation 

and l i n e  radiat ion are produced predominantly by other abundant l i g h t  elements 

such as He, C, 0, Mg, Si ,  S, and Fe. 

Burgess and Seaton (1964) have pointed out t h a t  the inclusion of (radiation- 

l e s s )  dielectronic  recombination increases the  recombinat ion ra te  s ign i f icant ly  

(- 20 times) f o r  iron at coronal densit ies.  

can occur i n  any ion with an autoionizing l eve l  su f f i c i en t ly  close t o  the  bound 

Since dielectronic  recombination 
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* levels and possessing a large probabili ty f o r  a t r ans i t i on  t o  some bound leve l ,  . - 
it appears that the ionization equilibrium calculations of House m u s t  

be revised. . 

reduce the  power radiated by recombination and l i n e  emission, since the bulk of 

the  radiat ion f r o m  these processes in the  2 - 8 ~  region comes from highly ionized 

The net effect  i s  t o  depress the degree of ionization, and t o  

~ 

I 
atoms. For th i s  reason the numbers given i n  Table 1 f o r  recombination and l i n e  

emission m u s t  be viewed as upper limits t o  the actual  rates which are probably 

c loser  t o  the  bremsstrahlung contribution. 

Friedman (1961) has made several  measurements of the X-ray emission of the 

sun. Taking the largest f lux measured f o r  the quiet  corona (- 10 4 counts/cm2-sec), 

a temperature of Tc - 4 x 10 60 K and an integrated electron density of 

2 48 dVc - 6 x 10 r n J e  cm-3 are required f o r  agreement between theory and obser- 

.v&im, The contribution t o  the volume in tegra l  is thought t o  come from condensations 

whose density is  comparable t o  t h a t  qf the  chromosphere. 

t o  how t o  f i x  ne2 dV and T for  comnae of other  stars. 

The question a r i s e s  as 

If  the  volume is  taken 

t o  be a constant f rac t ion  of the s t e l l a r  volume, then V a R 3 , where R is the  

s t e l l a r  radius. The density can be established roughly (de Sager 1960) by se t t i ng  

the  amount of mechanical energy in  acoustic waves fed in to  the  chromosphere per  

un i t  area per uni t  time (a p V 3, w h e r e  p = ne% i s  the  density and V a TsT is  

the  sound velocity;  T = chromospheric temperature m surface temperature) equal 

t o  the amount of energy (a H ne 

spheric grav i ta t iona l  scale  height H (a TsR /M, R = stellar radius, M = stellaf 

mass). Then ne a T M/$, and ne2R3 a Ts%?/R. 

determined from Ts, M, and R f o r  a l l  s ta rs  by normalizing t o  the  value 

(6 x l ou  ~ m - ~ )  f o r  the sun. 

t o  M/R and w a s  a l so  normalized t o  the assumed so la r  value 4 x 1O6OK. 

1 

S S 

S 
1 

Ts -T) radiated i n  recombination i n  a chromo- 

2 
_- 

I n  t h i s  manner n dV w a s  
S S e  

The coronal temperature was assumed proportional 

To calculate  the X-ray flux F t o  be expected from all stars i n  the ga lac t ic  
X 

disk one must sum over a l l  stars in  the volume Vd of the  disk. This is  
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a 

b 

accomplished by introducing the  main sequence luminosity function (p (M ) which 
V 

gives the number of s t a r s  per  cubic parsec with absolute v isua l  magnitude 

between M - 3 and M + 3. 
galac t ic  disk except i n  the  z-direction that is, cp (r, M+) = cp ( z  = 0, M 1 exp (-z/B), 

where cp (2 = 0, Mv\ is  the luminosity function f o r  the so l a r  neighborhood and 

It was assumed t h a t  cp is  constant throughout the v v 

V 

8 = @(M ). 

one computes, neglecting ga lac t ic  absorption (c f .  Gould and Burbidge l363), a 

Using the  data on Ts(Mv), M(Mv), R(MVl,and B(Mv) given by Allen (1963) 
V 

f l u x  

2 
fi: 4 x erg/cm -see 

with most of the contribution coming f r o m  the  ho t t e r  stars with M < 0 fo r  which 
V 

Tc - 6 - 8 x 10 60 K. If, as previously mentioned, only the cooler stars have 

coronae, then the f lux  from stars with say, M > 3 is about an order of magnitude 
V 

l e s s .  We might mention tha t ,  i f  one assumes a constant value of r d Vc ne2 f o r  
J 

a l l  stars fixed by the so l a r  value, t he  flux from stars w i t h  - Q) < Mv < Q) i s  

about 1/10 as large as (37) w i t h  the  main contribution now coming from the 

cooler stars. 

These calculations are f o r  quiet  coronae. Measurements have been m8de of 

the  enhancement of the  so l a r  X-ray flux as a r e su l t  of flares. 

flux f o r  the  disturbed corona was found t o  be enhanced by a fac tor  - 400 (Aller  

1963, Friedman 1961, see a l so  pa r t  b of t h i s  Sect . ) .  

reason t o  suppose t h a t  the  so l a r  corona is typ ica l  but it is conceivable t h a t  

such an enhancement can occur i n  the coronae of other  stars. A l l  known un- 

The mean measured 

O f  course, there  is  no 

ce r t a in t i e s  considered, we would estimate t h a t  the  expected X-ray flux from 

the coronae of a l l  stars i n  the  galact ic  disk t o  l i e  within 

The observed background in tens i ty  is  4 x 

It appears that; although it is unlikely t h a t  s t e l l a r  coronae produce a s ign i f i -  

2 - erg/cm -see. 

erg/cm2-sec (Bowyer e t  a1 1964). -- 
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' cant X-ray flux, they cannot def in i te ly  be ruled out. 
A 

1 

b) Hard Radiation Ehitted Following Violent Activity o f  S t e l l a r  Surfaces 

We now tu rn  t o  the  poss ib i l i t y  t ha t  temporary v io len t  a c t i v i t y  gives rise 

t o  fluxes of detect ible  hard radiat ion from stars. 

which w i l l  be discussed l a t e r ,  t h i s  ac t iv i ty  is  often manifested through a 

mechanism which generates an outburst of high-energy pa r t i c l e s  on the  star's 

surface. These pa r t i c l e s ,  by one or several of the processes described earlier, 

will give rise t o  energetic photons. 

Apart from s t e l l a r  explosions 

Again the  only method of estimating the 

fluxes is t o  consider what is  observed from the-sun .  As has been described by 

Friedman (1961) flare a c t i v i t y  gives r i se  t o  a great enhancement of t'ne X-ray 

f lux (Table V I 1  of Friedman). 

because the  temperature i s  increased and a l so  because a flux of high-energy 

p a r t i c l e s  (as manifested by the  Type IV radio burs t )  is generated. 

It appears t h a t  the radiation i s  increased 

From Friedman's tab le  we see t h a t  the enhancement of the X-ray f lux amounts 

5 t o  a f ac to r  - 10 

X-ray luminosity is L 5 erg/sec. We may therefore  consider w h a t  the  

maximum i n t e n s i t i e s  of the fluxes t h a t  we might e m c t  from stars could b e .  

We take thzee representative cases 

(a) 

(b) 

at  times of maximum f la re  a c t i v i t y  so t h a t  the  maximum s o l a r  

X 

A s ingle  solar-type star at distance d = 1 pc. 

A ga lac t ic  star c lus t e r  (100 members reaching maximum f l a r e  a c t i v i t y  at  

the  sane time) at distance 100 pc. 

lolo stars near the  ga lac t ic  center a l l  at  maximum f l a re  a c t i v i t y  at  a 

distance of  10 pc. 

(e)  
4 

The fluxes L /4d t o  be expected in such circumstances are  

10-l' erg/cm2-sec fo r  cases a, b, and c respectively.  

appreciably smaller than the  flux N 

X - w  source by Bowyer e t  al (1964). 

2 d4, and 
X 

All of these fluxes are 

erg/cm2-sec detected from the  Scorpius 

-- 
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Radiation harder than a f e w  kev can only be emitted from a star's surface 

i n  nuclear reactions, by bremsstrahlung, t he  synchrotron mechanism, o r  possibly 

by the  Compton process. Dorilan and Fazio (1964) have recently given a f a i r l y  

extensive discussion of the processes which may be expected t o  produce y-rays 

from the  sun. From an observational Point of view only y-rays w i t h  energies 

S 0.5 MeV have so far been detected f r o m  the sun (Peterson and Winkler 1959) 

and t h i s  during a flare. The flux that they observed f r o m  a y-ray burst was  

- 30 photons/cm2-sec of energy - 0.5 MeV, 

make estimates of the fluxes from the  =presentative aggregates a, b, and c 

above we obtain lo-', and photons/cm2-sec respectively.  It appears 

t h a t  these fluxes are too  weak t o  be observed. Nuclear reactions undoubtedly 

occur i n  s o l a r  flares but again it is exceedingly d i f f i c u l t  t o  make estimates 

of the  final products o r  the  t o t a l  fluxes of  hard radiat ion which may be expected 

here, because of the uncertainty in the  t o t a l  f lux of p a r t i c l e s  which is  present 

i n  a flare. 

c )  Neutron Stars  

If we use t h i s  as a standard t o  

It has been pointed out by Chiu (1964) and Finzi (19644 t ha t ,  since it is 

possible that neutron configurations may be reached as an end phase of stellar 

evolution by processes which leave the s t a r  extremely hot,  such configurations 

may, f o r  ra ther  a short  period, be thermal X-ray emitters. However, from the  

theo re t i ca l  standpoint it m u s t  be conceded that at  the  present time we cannot 

demonstrate conclusively that s tab le  neutron configurations are ever formed o r  

c m  e x i s t  if fomed. The presumption of these authors is  t h a t  the neutron con- 

f igurat ions are formed during a supernova outburst, as was first proposed by 

B a d e  and Zwicky (1938) and Zwicky (1938) many years ago. 

a d i s t i n c t  tendency in the  recent l i t e r a t u r e  t o  suggest ra ther  strongly tha t  the 

observations of X - q  sources i n  Scorpius and i n  the v i c i n i t y  of the Crab show 

t h a t  neutron stars do exist, it is probably worthwhile mentioning some of the  

Since there  has been 
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. t heo re t i ca l  uncertaint ies  associated with neutron configurations. The obser- , 

vat iona l  uncertaint ies  w i l l  be discussed i n  the  concluding section. 

It is  well bown t h a t  there is  a c r i t i c a l  mass f o r  a degenerate neutron 

configuration above which no stable equilibrium i s  possible.  

first derived by Landau (1932) and calculations by Oppenheimer and Volkoff (1939) 

This result w a s  

gave a value of about 0.7 Ma fo r  t h i s  observable mass limit. While in l a t e r  

calculat ions t h i s  mass limit has been s l igh t ly  revised, it is c l e a r  that the  

mass l i m i t  l i e s  near  1 Mo. Even the  doubtful assumption of a hard-core nuclear 

potential,which is  known t o  be incorrect from r e l a t i v i s t i c  considerations, only 

extends the  maximum mass t o  about 3 Mo. In f ac t  it i s  c l e a r  from the e a r l i e s t  

considerations (cf .  Landau 1932) t h a t  the maximum m a s s  is  very’ insensi t ive t o  

the equation of  s t a t e  at nuclear densi t ies  and above. For masses above the  

c r i t i c a l  mass it appears that implosion m u s t  occur (Datt 1938; Oppenheimer and 

Snyder 1939). 

Thus, i f  neutron configurations which can e x i s t  long enough t o  be detected as 

For a modern review see Hoyle, Fowler, Burbidge and Burbidge (1964). 

sources of X-rays come f r o m  supernova outbursts, it is required that in the 

supernova outburst suf f ic ien t  mass is ejected so that the resu l t ing  configuration 

falls below the l i m i t  f o r  support by a degenerate neutron configuration. None 

of the  attempts t o  unravel the processes of supernova outbursts have ye t  given 

any real indicat ion that such conditions can be achieved. The attempts by the  

California-Cambridge group (Burbidge, Burbidge, Fowler, and Hoyle 1957; Fader 

and Hoyle 

Even the  range of masses of stars which become supernovae is  i n  doubt, but it 

appears highly probable that the  Ty-pe I1 supernovae are stars of qui te  large 

m a s s  - 30 Mo (cf.  Fowler and Hoyle 1964). 

1960; Fowler and Hoyle 1964) have not been able t o  answer this  question. 

Au of the  discussion of the super- 

nova outburst as it appl ies  t o  tbe last phases of nucleosynthesis, and neutrino 

emission, e t c .  have been car r ied  out by neglecting the  e f f e c t s  of rotat ion.  

However, as has been Shawn by H o y l e  e t  al (1964) t h i s  may have the e f f ec t  of 
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allowing a massive star t o  fragment, e i t he r  in to  white dwarf, o r  in to  neutron 

configurations (cf. Equation (45) of that  paper). In the  work o'f Chiu (1964) 

no conclusion as Co whether a degenerate neutron configuration w i t h  a mass 

below the c r i t i c a l  mass is l e f t  has been reached. 

dynamical calculat ion of the  implosion of a supernova before r e l a t i v i s t i c  effects. 

become important is  that by Colgate and h i s  colleagues (1963). 

follows the  collapse u n t i l  nuclear densi t ies  a re  reached, but then it is supposed 

t h a t  a bounce occurs and the  outer envelope is  ejected.  

* 

The on ly  attempt at  a hydro- 

This calculation 

The calculat ion is not 

able t o  determine what f ract ion of the mass is l e f t  as a degenerate neutron con- 

f igurat ion.  

The only supernova remnant which can be studied in any d e t a i l  is  the Crab 

Nebula. 

t h a t  it is  only N 0.64 Mo (O'Dell 1962) so tha t  i f  the  outburst originated from 

a star with a mass i n  excess of about 3 Ma (and the type of supernova involved is 

s t i l l  uncertain, as is the  re la t ion  of type with mass) it m u s t  be concluded e i t h e r  

t h a t  a large remnant has imploded o r  e l se  that  it is fragmented in to  a number of 

neutron stars 

While there are  uncertaint ies  i n  the mass of the nebula, analysis shows 

Finally there  is some question about t he  s t a b i l i t y  of neutron configurations. 

The question of t h e i r  dynamical s t ab i l i t y  has recently been considered f o r  a 

range of models by Misner and Zapolsky (1964) who have concluded tha t  dynamically 

stable solutions exis t  f o r  stars below the maximum mass f o r  cold s t a t i c  equilibrium. 

With these uncertaint ies  i n  mind we tu rn  t o  the calculations of  the fluxes of 

X-rays which may be emitted by neutron stars. 

by Chiu and Salpeter  (1964) and Morton (1964). 

good agreement and we reproduce as Table 3 t he  t ab le  of Chiu and Salpeter  giving 

Such calculations have been made 

The calculations are i n  f a i r l y  

the  emission charac te r i s t ics  of a 0.5 % neutron s t a r  of radius 10 km f o r  various 
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, 
values of the  core temperature. 5 

5 V e r y  recently Finzi (1964b) and Salpeter (private communication) have concluded 

tha t ,  while the neutrino emission rates which determine the  l i fe t ime of a neutron 

I star are s t i l l  ra ther  uncertain, . the  time scales  may have been over-estimated 

in  the  work of Chiu and Salpeter  and may only be of order I - 10 years.  I f  t h i s  
l is  the case then the chance of detecting a ne,utron s t a r  by means of i t s  X-ray 

emission while it is  s t i l l  hot is -very small, and X-rays from the Crab cannot 

observations (Friedman 1964) of the Crab Nebula and the associated in te rpre ta t ion .  

These results are t o  be found i n  a peper published i n  t h i s  journal. I 
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O f  the  possible sources of energetic photons and neutrinos i n  the Galaxy 

one is  l ed  immediately t o  consider the supernova remnants. Hard radiation may 

be emitted during and immediately a f te r  a supernova explosion, and since large 

fluxes of E l a t i v i s t i c  pa r t i c l e s  are known t o  be present i n  supernova remnants 

f o r  periods of 

may be generated f o r  longer times. 

1000 years a f t e r  t h e  explosions occurred, fluxes of hard photons 

We consider b r i e f l y  the hard radiation t h a t  may be emitted at the time of 

t he  explosion, and then consider i n  more d e t a i l  the conditions in  the Crab nebula. 

Present theory of supernova outbursts makes no de ta i led  prediction of the 

f lux t o  be expected, but two processes may be important. These are: 

(a) Nuclear y-rays emitted i n  the process of nucleosynthesis at the time of  

the  outburst .  

y-rays emitted through the  ear ly  interaction o f  a cloud o f  r e l a t i v i s t i c  

pa r t i c l e s  with the magnetic f i e l d  and material  in  the expanding she l l .  

If ,  i n  a supernova outburst the inner pa r t  implodes and the  outer par t  i s  

(b) 

(a) 

suddenly heated so that hydrogen burning takes place veqy rapidly, we can suppose 

t h a t  the bulk of the energy released is  degraded through i t s  passage through the 

material ,  but some fract ion,  perhaps the energy released in  burning 0.01 Mg of  

hydrogen, w i l l  be emitted as y-rays i n  the MeV range. 

lo5' ergs i s  emitted i n  

distances of 1 and 10 kpc t h i s  gives fluxes a t  the ear th  of  10 

f an ta s t i c  ra tes .  

improbable. 

the fluxes would be and 10'' erg/cm sec respectively.  These ra tes  are  

obviously uncertain by several  powers of 10. It might a lso be expected t h a t  some 

Thus we might suppose t h a t  

1000 seconds. For a ga lac t ic  supernova a t  assumed 

3 5 -1 and 10 erg/cm2 sec , 
However, the appearance of a ga lac t ic  supernova i s  highly 

From extragalact ic  supernovae at  charac te r i s t ic  distances of 10 and 100 ~ Q c  

2 -1 

Part  of the flu is degraded t o  the energies of a few k i lovol t s  and i s  emitted as 
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X-rays. As an upper l i m i t  we might suppose t h a t  t h i s  flux is  of comparable 

in t ens i ty  f o r  a f e w  days with the flux at maximum l i g h t  from the supernova. 

If we suppose t h a t  it reaches a value of \ = -18 t h i s  corresponds t o  erg/sec 

and at distances of 1kpc and 10 k P C  (Galactic) and 10 Mpc and WMpc (extragalact ic)  

fluxes at  ea r th  of 10-l and lom3 erg/cm2 see'' (Galactic) and and erg/cm2 see -1 

may be expected. 

(b) 

pova remnants, and it is possible t h a t  t h i s  i n  par t  is  the remnant of a much 

la rger  f lux of m l a t i v i s t i c  pa r t i c l e s  which was produced at the time of the out- 

burs t .  

generated in  the explosion. 

s h e l l  containing a magnetic f i e l d  (they are the r e l a t i v i s t i c  plasma component), 

then because of the  high density in  the shell i n  the f i rs t  hours they w i l l  largely 

be destroyed, and t h e i r  energy w i l l  be dissipated i n  the  form of neutrinos, y-rays, 

and electrons and positrons which radiate  in  the  magnetic f i e ld .  A large flux 

of high energy(2100 Mev) y-rays w i l l  thus be generated and we might expect Tluxes 

t o  escape over t h i s  period at a ra te  of perhaps - erg/sec. For reason- 

able magnetic f i e l d  values the  synchrotron radiation w i l l  not l i e  i n  the  X-ray o r  

y-ray range. However, it i s  possible t h a t  some par t  o f  the electron-positron 

f l u x  w i l l  be diss ipated by Compton col l is ions w i t h  thermal photons in  xhich y-rays 

are emitted. It is  obvious t h a t  these suggestions are highly speculative. How- 

ever, it is c l ea r  t h a t  detection of a supernova explosion by X-ray and y-ray 

telescopes would give much information on the conditions at the  ear ly  phases. 

For example, i f  there  are no high energy y-rays emitted t h i s  might be interpreted 

as meaning t h a t  there  w a s  no ea r ly  generation of a large flux of E l a t i v i s t i c  

protons. 

A large f lux  of r e l a t i v i s t i c  electrons i s  currently present i n  many super- 

Let us suppose t h a t  some lo5' e rg  o f  par t ic les ,  l a rge ly  protons, was 

If they are  or iginal ly  confined i n  an expanding 

. 
, 
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. We tu rn  now t o  a consideration of  t h e  hard radiation f r o m  the  Crab some 

io00 years a f i e r  the supernova exploded. This question w a s  consider by Savedoff 

(1959). 

radio and opt ica l  (polarized) continuum are undoatedly due t o  synchrotron 

radiat ion by r e l a t i v i s t i c  electrons which are  capable of producing energetic 

quanta by a number of' processes. In t h i s  section we s h a l l  consider what can 

The Crab is  one of the strongest radio sources i n  the sky and both i t s  

be inferred about the nature of the physical processes i n  the Crab from obser- 

vations of the photon spectrum at  high energies. 

neutrino emission f r o m  t he  Crab w i l l  be given l a t e r  i n  Section V I .  

, 

Our discussion of possible 

Observations of continuum radiation emitted by the Crab have been made i n  

e s sen t i a l ly  three frequency ranges: the  radio range, the opt ica l  range (see 

O'Dell 1962), and the X-ray range (Bowyer e t  a l .  1962); Figure 5 summarizes the 

results. 

where a = 0.27, and C 

of Fv a t  v = b0 Mc/s (Conway, Kellermann) and Long 1963). 

spectrum apparently re ta ins  t h i s  form up t o  a frequency v 

beginning of the opt ica l  region. 

range the  radio luminosity Lr can then be computed from an assumed distance 

d = 1030 pc t o  the  Crab: 

-- 
The radio spec t ra l  flux Fv [uatts/m2 - ( c / s ) ]  is  of the  form C v -CY , 

r 

can be determined by the value [1.23 x w/m2-(c/s) ] r 

The synchrotron 

= lOl4 c/s at the m 
Designating t h i s  region v < v as the radio 

m 

The luminosity in ,  f o r  example, the v is ib le  range (v = 4 -  8 x lOl4 c /s )  of the 

opt ica l  region is 

-1.7 x erg/sec, 
LV 
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while t h e  luminosity in  the  region ( A  = 1.5  - .8A) of the  X-ray observations 

is a l so  

M 1.7 x erg/sec. 

Assking the radio spectrum C 

LX 

is  due t o  synchrotron emission by r 

r e l a t i v i s t i c  electrons,  an energy spectrum ne(ye) = Ke ye-re with 

= 1 + 2a = 1.54 is  implied. I f  the mean magnetic f i e l d  in  the Crab is  e 
-4 H = 10 

frequency w = 10 

= ( W , / V ~ ) ~  M 6.0 x 10 . 
emitted by s l igh t ly  higher energy electrons.  

from a volume dV = V 

gauss (O'Dell 1962) the- Larmor frequency is vL = 280 c/s, and the' 

c/s would be emitted primarily by electrons with (ye)m 

The opt ica l  radiation from the  Crab would be 

14 
m 

5 1 

If the radio emission or iginates  

the  radio f l u x  Fv i s  related t o  Vo, d, Ke, H by [see s 0' 

From the value of the  product V K determined from ,the radio brightness we can 

compute the  t o t a l  energy of the  radio electrons in  the  Crab: 

O e  

48 = 1.0 x 10 erg.  

The age T of the  Crab is  910 years and we see tha t  E+/T = 3.5 x erg/sec 

-4 For the assumed magnetic f i e l d  10 gauss the  electrons lose energy at a ra te  

-1 (dye/dt) < T . Thus, f o r  the radio and 14 -1 
(v = V L  ye i 9.0 x i o  c/s), - Ye 

opt ica l  electrons the  charac te r i s t ic  time f o r  energy loss  by synchrotron emission is  

grea te r  than the age of the nebula. The rough coincidence of the c r i t i c a l  

e lectron energy and synchrotron emission frequency with the  value (Fig. 5 )  

above which the  spectrum is apparently reduced o r  perhaps cut of f  may be 
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interpreted as an indication t h a t  the  r e l a t i v i s t i c  electrons i n  the  Crab were 

produced in  the  i n i t i a l  supernova octburst . 
production of high energy electrons would preclude any interpretat ion of t he  

Tne absence of any continuous 

X-ray point i n  Figure 5 as being due t o  e lectron synchrotron emission, since the  

lifetime against energy loss  through synchrotron emission by the energetic ‘ 

I 

~ 

I electrons necessary t o  produce t h i s  synchrotron frequency is about 35 years << T. 

An important parameter in t h i s  discussion is  the  s t rength of the magnetic f i e l d  

i n  which the  electrons radiate. 4 We have chosen a value o f  H = 10- gauss so ! 
that the  l i fe t imes of the radio and opt ical  electrons are longer than 10’ years. 

However, i f  the  assumed value of H 

lifetimes of t he  electrons emitting the same synchrotron frequencies are decreased 

by a fac tor  of (5)3/2 (= 11.2) and t h e  opt ica l  electrons have lifetimes less than 

the  age of t he  nebula so t h a t  continuous inject ion of such electrons is required 

t o  explain the opt ica l  radiation 

we s h a l l  cms ide r  the poss ib i l i t y  o f  continuous inject ion of electrons i n  what 

follows. 

have shown, there  might ex i s t  i n  the  Crab an energy loss  by sca t te r ing  by 

magnetic f i e l d  condensations i n  the  expanding nebula. These sca t t e r ings  lead 

t o  a Fermi-type s t a t i s t i c a l  deceleration of the  electrons.  The corresponding 

energy loss  is  approximately -4y&t m yeV/r, where V is  the  expansion veloci ty  

of t he  nebula and r i ts  s ize ;  thus r / V  NN T, t he  age of the  nebula. 

-4 is  increased perhaps t o  5 x 10 gauss, the 

Since the  magnetic f i e l d  s t rength is uncertain 

We a l so  might mention that as Ginzburg, Pikelner, and ShklovsEy (1955) 

- 

This energy 

loss process, i f  it is operative, dominates synchrotron losses  f o r  t he  radio ’ 

and opt ica l  electrons but i s  negligible fo? higher energy electrons.  

t h i s  type of energy l o s s  (a y ) the electron spectrum n ( y  ) re ta ins  the  power 

With only 

e e e  

l a w  shape of i t s  production spectrum qe(u,). 

Consider the case where the radio electrons of the  Crab are produced con- 

t inuously and, f o r  simplicity,  at  a constant rate since the  or ig in  of t h e  nebula. 
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Neglecting energy losses 

' A similar result would be obtained if the Fermi-type s t a t i s t i c a l  deceleration 

the continuity equation (24) reduces t o  
~ 

I 

were operative since the character is t ic  loss time f o r  t h i s  process i s  approxi- 

I mately T, the  age of the  nebula. 

and so the electron spectrum at the present time would have become 
I 

If the continuous production is  v i a  meson production i n  nuclear coll isions,  as 

was proposed by one of us (Burbidge 1958), there w i l l  a l so  be continuous production 

of #-decay photons, and it is  of interest  t o  compute the resulting no-photon 

flux. 

duction spectrum is approximately 

-r 
For a pion production spectrum \(yn) = k y ll the n0-deca.y photon pro- 

T r T I  

2 -(rll-i) -rn 
7 ) Y  dno/dV d t  M - kn (2me/mll) 

3 
1 

3 
in which it is assumed that - of the pions produced are no I s  and each no of 

energy y c2 decays into two photons of hal f  t h i s  energy. 

spectral  flux of #-photons would then be 

The observed 
n "TT 

Employing the relat ion (8) between kll and ke and equations (39) and (41) t o  

determine k from the  radio spectrum we find 
TI 

j O ( 3 )  = 1.0 x 10 -4 x ~ l - l . 5 ~  

For photons of energy around 7 )  = 200 (E - 100 MeV) the integrated spectrum 

-4 0.54 - 5.7 x 10 -6 photons/cm*-sec. with A7)/7 - 1 gives JJo ( 7 ) )  dv - 10 7- 
This photon flu is alqost four orders of magnitude smaller thzi  the upper 

l i m i t  established by Kraushaar and Clark.  
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One can also calculate  the  high energy proton flux required t o  produce the  

production rate necessazy t o  account for the  secondary electron density and 

the radio spectrum. 

K-series and X-rays i n  the wavelength range of t he  observations of Bowyer e t  al.  

produced following K-shell ionization. The calculated X-ray flux, for a low 

energy proton cut-off % = 1 is about 7 orders OP magnitude smaller than the 

observed flux. 

F r o m  t h i s  proton flux one can then compute the amount of 

-- 

A more def in i te  conclusion regarding secondary electron production i n  the  

Crab Nebula may be provided by an analysis of the observations of Fruin e t  al .  

(1964). By employing Cerenkov l i g h t  detectors t o  observe l ight  pulses from 

showers i n  the  atmosphere they were able t o  s e t  upper limits for the high energy 

-- 

photon flux f r o m  the  Crab Nebula and a l s o  from the  quas i - s te l la r  radio sources 

3C147, $196, a d  3C273. 

5 x 10l2 e V  (T m 10 ). 

The threshold energy f o r  the i r  detection system w a s  

The establ ished upper limits t o  the  photon fluxes are 7 

l is ted i n  Table 4. 
7 If photons of energy 7 = 10 result from the decay of no Is produced in  

nuclear col l is ions,  the  corresponding synchrotron emission frequency i n  the Crab's 

magnetic f i e l d  by electrons resul t ing from the  decay of charged pions of the same 
-4 energy is  about v = l0l6 c/s f o r  H = 10 

(on the  logarithmic sca le )  between the  opt ical  and X-ray frequencies a t  which 

the C r a b  has been observed (see Fig. 5 ) .  

gauss. This frequency is  about midway 

It is of i n t e re s t  t o  compute the 

no-photon f lux  at  1 = 10 7 f r o m  the  Crab on the assumption that  the  op t i ca l  - X-ray 

f lux ( i f  it ex i s t s )  f r o m  the  C r a b  is due t o  synchrotron emission by secondary- 

produced electrons.  

In the  region around v = 1Ol6 c/s the apparent index of the  synchrotron 

spectrum is (Fig. 5 )  oc = 1.1, so t h a t  t he  electron spectrum i n  t h i s  region i s  of - 
e -1 

the  form ne($ = Keye with re = 3.2. Moreover, f o r  these high energy electrons 



the, dominant energy loss process is  synchrotron emission and K is  re la ted  t o  
P e 

-1 

the  e lec t ron  production spectrum %(ye) = k y “Cr, = re - 1) by [cf .  Section e e  
IIIe, Eq. (28) J 

with ke re la ted  t o  k by equation (8). Calculating the no-photon flux as i n  ll 
-1 

equations (41) and (42) and again determining the  parameter ( 4 d  2 ) Vokn from 

the  supposed synchrotron emission ra te  [ F M 1.4 x 10 e27 w/m2 - (c /s)  at 

v = 10 

j o ( V )  = 2.2111 (46 )  

V 5 16 c / s ]  one calculates a no-photon spectrum given by 

-2.2 

For photons of energy 11 = 10 7 we f ind the  integrated spectrum with AV/V - 1 gives 

,4jo(q) d~ - 2=21 II- N 8 x lom9 photons/cm 2 -sec. This calculated photon f lux  

i s  almost two orders of magnitude above the observationaL upper l i m i t  (Table 4). 

Thus, the present preliminary observations are inconsistent with the  in te rpre ta t ion  

of the  X-ray emission-from the Crab as synchrotron radiat ion i f  the necessary - 
continuous production of high energy electrons is through secondary production 

v i a  n-p-e decay. If electrons are  produced by secondary processes a t  a lower 

energy and then accelerated by-.Femi processes t o  energies a t  which they w i l l  

radiate  synchrotron X-rays, it may be possible t o  explain the observed X-ray flux 

without coming in to  conf l ic t  with the  results of Fruin e t  al. -- 
In  summary, regarding synchrotron radiation and the  r e l a t i v i s t i c  electrons 

-4 i n  the Crab, provided t h a t  the magnetic f i e l d  i s  as weak as 10 

t h a t  the energetic electrons responsible f o r  the  radio and op t i ca l  radiat ion i n  

the  Crab w e r e  produced i n  the  ini t ia l  supernova outburst i s  qui te  consistent.  

gauss, the view 

In  fac t ,  the  apparent reduction below the  extrapolated radio spectrum Fv = Crv ‘-a 

i n  the opt ica l  region may possibly be interpretated as a result of energy losses  

. by the  mom energetic electrons; t h a t  is, higher energy electrons would have 

already decqed  i n  energy since the b i r t h  of the nebula. ;n the other  hand, the 
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electrons required t o  produce synchrotron radiation in the  X-ray region would have 

t o  be continuously produced. 

It should be pointed out t h a t  X-rays can a l so  be emitted by the synchrotron 

process if electrons which are n0maJ.l.y radiat ing i n  the  opt ica l  range s p i r a l  i n to  

regions of much higher magnetic f ie ld .  
I 

Since the  c r i t i c a l  frequenky is proportional 
I 

t o  HA t h i s  means t h a t  the  f i e l d  must be increased by a fac tor  of (v,/vo) 10 3 . 
Thus t h i s  would imply t h a t  there  are Egions i n  the Crab with magnetic f i e l d  strengths 

as high a6 10-1 g a q s .  

p a r t l y  because it would require continuous production of pa r t i c l e s  which move in to  

regions of high f ie ld ,  since the l i fe t imes are proportional t o  (HI)-2.  Also, the  

mechanism by which such concentrations of  magnetic flux can be maintained is d i f f i c u l t  

t o  understand. These questions w i l l  be considered in more d e t a i l  i n  a separate paper. 

Finally, we should like t o  mention another possible explanation f o r  the obsdrved 

Then? are many d i f f i c u l t i e s  associated with such a model 

X-rays from the Crab, namely the recent suggestion by Heiles (1$4). 

Heiles the  high temperature region behind the shock front  of the nebula expanding 

in to  the i n t e r s t e l l a r  gas would emit thermal bremsstrahlung X-rays a t  a r a t e  

corresponding roughly t o  t h a t  observed for t he  Scorpius and Crab Nebula sources. 

This problem probably needs fur ther  investigation; among other  things,  it is not 

c l ea r  how the required shock wave is a - i t i a l l y  produced. 

According t o  

Apart f r o m  the generation of hard radiation by the  processes described above 

i n  the supernwa explosion which gave rise t o  the Crab, considerable amounts of . 

radio-active nuclei  may have been synthesized (Burbidge, Burbidge, Fowler, and 

Hoyle 1957). While in more recent years it has been proposed t h a t  t he  light emitted 

i n  a supernova outburst may not be predominantly due t o  such elements as  CF5 , (c f .  

Hoyle, Fowler, Burbidge, and Burbidge 1964) a t e s t  of the d i f fe ren t  hypotheses may 

be possible. 

Am241 > $33 9 Pa2p, and Ra226 has been estimated by Savedoff (1959). 

l i e  i n  the 100 kev range and the calculated fluxes range from 0.011 

(from CS5') t o  4.2 x (from $33). 

4 

The f lux  of y-rays emitted by such nuclei  as C S 5 l ,  CS4', Am243, 

"he energies 

see'' 
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V. EX"RAGALACT1C DISCRETE SOURCES 

Tne only discrete  sources of high e n e r u  comic photons which hwe been 

established with some cer tainty are the Scorpius source from which an energy 

flux of JE - 
Nebula from which a flux about ylr> as large i s  observed. 

erg/cm2-sec is' observed i n  the X-ray region and the Crab 

It is  of in te res t  t o  

consider the  poss ib i l i t y  t h a t  the Scorpius source i s  of extragalact ic  or igin 

as w e l l  as t o  consider the  common assumption t h a t  it is  a ga lac t ic  object.  

the  Scorpius source w e r e  at  a tyh ica l  galactic distance ( tha t  i s ,  within our 

If 

own Galaxy) d - 10 kpc, i t s  X-ray luminosity would be L 
Q g g E  

= 4nd 2 J - lo3' erg/sec. 

If it w e r e  a t  a typ ica l  inter-galact ic  distance ( the distance t o  a nearby galaxy) 

d - 1 Mpc, i ts  luminosity would be L - 
i -g  i-g 

a cosmological distance ( t o  a d is tan t  galaxy) dc - 1000 Mpc, i t s  luminosity would 

be Lc - IO4' erg/sec. We now make several observations concerning -"he energetics 

of the  problem of es tabl ishing the  distance t o  and nature of the  Scorpius source. 

fir a supernova remnant of age T - lolo sec,  L 

comparable with the  l i g h t  energy emitted by a supernova and also w i t h  t h e  k ine t ic  

energy, and may be some fract ion of the t o t a l  energy released, t h i s  means t h a t  

a ga lac t ic  supernova at a distance - 10 kpc could supply the  energy radiated in  

X-rays by the Scorpius source fo r  only a re la t ive ly  short  t i m e  (- lo1' sec) .  

a cosmic time scale# 

erg/sec, while i f  it were at  

T - lo4' erg.  Since th i s  i s  
S g s  

On 

- lo1' yr .  the  energy L 
TC i -g  

T - 3 x lo6' erg i s  s m a l l  com- 
7 

'This t i m e  is a l so  roughly the  character is t ic  time f o r  the evolution of a galaxy. 

pared w i t h  the  opt ica l  energy radiated by a normal galaxy (- 

normal galaxy would be expected t 6  radiate a very much smaller amount of energy 

i n  X-rays. 

Scorpius source which is about 20° o f f  the galact ic  center, although i n t e r s t e l l a r  

ext inct ion of our own Galaxy prevents observations at  lower galact ic  la t i tudes  

(say 5 loo) .  

erg) ,  but a 

No unusual external galaxies are observed i n  the direct ion of the  

However, there  are no strong radio sources i n  t h e  direct ion of 
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Scprpius. 

we note t h a t  Lc -rC - 3 x 10 

Regarding the poss ib i l i t y  tha t  the Scorpius source is  a d is tan t  galaxy, 

66 erg, much g r e a t e r  even than the r e s t  xass energy 

2 M c 
g 

m a s s  which we might conceive took place in  a time << T 

would be 2 0.5 MeV, not X-ray (keV) energies. 

small radio source, fo r  example a quas i - s te l la r  object,  is s -10 kpc, and the 

time T 

of a galaxy. MoEover, i n  the matter-anti-matter annihilation of a ga lac t ic  

the  photon energies 
C’ 

On the  other  hand, the  s i z e  of a 

for a l i g h t  s ignal  t o  propagate t h i s  distance i s  s/c - 10l2 sec. The 
S 

61 product Lc T~ i s  then - 10 erg,  roughly the energy E of strong radio sources r 

which may be stored in  the r a l a t i v i s t i c  pa r t i c l e s .  

In  summary, it appears t h a t  normal dis tant  galaxies (including radio 
a 

galaxies) are incapable of producing the observed energy f l u  J, corresponding 

0 For example, we compute an X-ray flux from the Compton process i n  the quasi- 

s t e l l a r  radio source 3C48 about 11 orders of magnitude smaller than the flux from 

the Scorpius source. 

luminosity, so t h a t  the thermal photon density i n  the region of the radio electrons 

The source 3C48 is  a s m a l l  radio object with a high opt icdl  

is f a i r l y  high. 
~ ~~~~ __ 

10 
t o  the  Scorpius source over evolutionary time scales  - 10 y r .  However, m out- 

burs t  over a shor te r  time might be capable energet ical ly  of producing the  required 

X-ray luminosity. 

galaxy at a distance d involving the  release o f  an amount E o f  energy, of which 

a fract ion f is  emitted i n  high energy photons of mean energy E If the out- 

burst  occurs during a time T, the  observed resu l t ing  photon f lux would be 

Let us consider further such a hyppthetical outburst i n  a 

. Y  Y’ 

60 For E = 10 erg,  d = 1000 Mpc, and w i t h  i n  MeV and T i n  years we nave 
Y 

J M 170 f /E T photons/cm2-sec, 
Y Y Y  - 100 MeV (mean energy f r o m  #-decay) and T - 1000 yr (time scale  fo r  and f o r  

Y 
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‘ outburst) ,  J - loe3 f photons/cm2-sec. Unless f is very small, a f lux  of  
Y Y Y 

this magnitude could be observable. 

of vra,ys (or  X - r a y s )  might then possibly be interpreted as the observation 

of the  b i r t h  of a strong radio source. 

The detection of such a discrete  source 

Finally, we might mention that Duthie 

e t  al. report a possible (- 100 MeV) y-ray f lux  of - 0.002 photons/cm 2 -sec -- 
f r o m  Cygnus A which is at a distance - 100 Mpc. 
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VI. mmo SOURCES 

Any mview of the  fluxes of hard radiation which may be present in the 

universe would not be complete without mention of neutrinos. 

detection of neutrino fluxes would give valuable d i r ec t  evidence concerning 

conditions i n  stellar interiors, and also i f  high energy neutrinos could be 

observed information on t h e  high energy p a r t i c l e  flux could be obtained: 

Moreover, evidence of the  energy density of neutrinos i n  the universe may have 

cosmological. significance.  

and -viewed ad nauseam i n  the last t w o  o r  three years following developments 

In pr inciple  

The subject of  neutrino astronomy has been discussed 

i n  the theory of weak interact ions and the  rea l iza t ion  t h a t  neutrino emission 

processes w i l l  becane the dominant energy loss mechanism i n  the  f i n a l  stages 

of s t e l l a r  evolution. Recent papers and reviews which have given some account 

of these processes and t h e i r  repercussions on s t e l l a r  evolution, nucleosynthesis, 

supernovae and cosmology and in which T@l references can be obtained are 'by  

Pontecorvo (1% 33, Fowler and Hoyle (1964), Burbidge (1962), Weinberg (1962), Fodor, 

Korvessy, and Marx (1$4), and Chiu (1964). 
I t  

We only give a very brief suwnary here. 
\ 

While the energy density i n  the  flux of  neutrinos is very considerable, 

so t h a t ,  f o r  example, for a normal galaxy it w i l l  be some 4s of the t o t a l  

luminous flux o r  about 4 x 

t 
the  fluxes very d i f f i c u l t  of detection. 

erg/sec, the very s m a l l  in teract ion cross-sections 

: - 10 -44 \' em2), (unless resonances a re  present,  c f .  below) obviously make 

Moreover no method of  detecting low 

energy neutrinos with energies below those necessary t o  induce inverse be ta  decays 

is  known. We i l l u s t r a t e  the problems by discussing the work on s o l a r  neutrinos 

and then consider fluxes from more dis tant  stars and galaxies. 

Neqtrinos (ve) a re  emitted i n  the normal hydrogen burning processes i n  

stars. About 24 of the  energy released in the  p-p chain and about 6$ i n  the  CNO 

cycle is  emitted as neutrinos. A t  present there  is  no way known af detecting 

1 neutrinos emitted in  K (p,ev)I? because they have a maximum energy of 0.42 MeV 
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and are thus not able 

Undoubtedly the  

t o  induce inverse beta decay. 

sun i s  l i k e l y  t o  be the strongest 

4 

* 

apparent source of 

neutrinos and d i r ec t  detection of them is of the greatest  importance. Following 

an early suggestion of Pontecorvo, Bahcall (1964) and Davis (1964) have considered 

i n  d e t a i l  t he  poss ib i l i t y  of the  detection of neutrinos emitted 'in Be 7 -  (e  ,v) L i  7 

and B 8 +  (e  ,v) Be 8 through t h e i r  absorption Cf!37 (v,e-)  Ar37; the ac t iv i ty  of Ar 37 

is  then measured. 

has estimated t h a t  the  fluxes at the ea r th ' s  surface w i l l  be 1.2 x 10 

On the bas i s  of the  best so l a r  models (Sears 1964) Bahcall 

10 

2 8 neutrinos/cm /sec and 2.5 x 107/cm2 sec from the  decay of Be7 and B respectively.  

From Bahcal l fs  analysis of the cross-sections for  C437 (v,e-) Ar37 Davis has 

concluded t h a t  the expected neutrino captures in  10 5 gallons of C2CA4 i n  a mine 

would be about 4 - 11 a day which would be an order of magnitude above the back- 

ground produced by the production of Ar3' by cosmic rays underground through 

(p,n) The flux of detectable neutrinos from the cent ra l  bulge of 

8 the galaxy w i l l  be less than t h a t  from the  sun by a fac tor  lo7 - 10 while t he  

flux t o  be expected f r o m  a nearby galaxy such as M 31 would be l e s s  than the sun 

by a f ac to r  - 10 11 . While neutrinos are  emitted in  the normal energy producing 

cycles i n  the stars, neutrinos and anti-neutrinos are emitted with positrons and 

electrons respectively by bet.a unstable nuclei  i n  the processes of energy 

generation and element synthesis beyond hydrogen. However, f o r  a galaxy i n  a 

steady state it is eas i ly  shown t h a t  the fluxes t o  be expected are s m a l l  com- 

pared with those emitted in  hydrogen burning. 

In the  high temperature phases of s t e l l a r  evolution ( f o r  core temperatures 

8 
2 5 x 10 

loss .  

degrees) neutrino p a i r  e m i s s i o n  becomes the dominant mechanism of energy 

They a r i se  by a va r i e ty  of reactions i n  a l l  of which they replace photon 

emission. An important process i s  

+ e + e - - , v + G '  

- 57 * 



. 
* 

k i l e  t h i s  mechanism of energy l o s s  is important from the  point of view of t he  

evolutionary process, an individual object (perhaps the  immediate forewarning 

of a supernova) would be vely d i f f i c u l t  t o  detect  even i f  a mechanism of 

detecting l o w  energy neutrinos were found, because of the very short  t i m e  scale  

associated with such evolutionary phases. Thus, f o r  example, Fowler and Hoyle 

(1964) have calculated t h a t  i f  one so la r  m a s s  i n  t he  center of a massive star 

reaches a temperature OS 3.5 x lo= 9 degrees the  neutrino f lux  -dl1 amount t o .  

- erg/sec. However, t h i s  phase w i l l  only last  a few seconds. A t  a later 

stage, after a star has exploded and i f  a neutron configuration remains, the  

i n i t i a l  neutrino f l u x  fo r  a core temperature of 2 x lo9 degrees w i l l  be about 

4 x 

t h i s  phase w i l l  be about 10 years.  

erg/sec (Chiu and Salpeter  1964) and the time scale associated with 

We turn  f ina l ly  from the low energy neutrinos emi t ted  i n  s te l lar  evolution 

t o  consider t he  poss ib i l i t y  as t o  whether high energy neutrinos (E 

are emitted i n  supernova outbursts and from radio sources i n  which large fluxes 

of high energy par t ic les  are  present. 

of high energy nuclides (protons) interacts  with the nuclei  of t h e  l oca l  gas 

atoms t o  produce pions. 

neutrinos and antineutrinos of the electron and muon type result. 

the pion decay 

2 100 MeV) 
V 

Neutrinos are produced whenever a flux 

In the TI -, p -, e decay o f  the  charged pions both 

That is, i n  

+ 
TI+-.P + v  

IL’ 

while i n  the  muon decay 

+ p+ -. e + ve 

p + e  + v  e 

Thus, a s ingle  charged 

- + -  

as many p-neutrinos as 

- 
(49) + v  

P: 

IL. 
+ v  

+ pion p a i r  TI , n- resu l t s  i n  2(v + U ) + (ve +-Y,); twice 
P P  

e-neutrinos are  produced. In  the pion decay the  muon is  



es 'sentially non-relat ivis t ic  in the  rest frame of the pion and most of the energy 

* I n  the muon is  carr ied away by the neutrino; here E w (mTT - mp)c 2 = &  m c . 
V n 

decay the  m e a n  neutrino energy i s  about - 1 2  m c w m c2 i n  the rest frame of t he  3 c r  n 

muon and pion (see Sect .  In). 

both decays i s  about 

Thus, the mean lab  enerm of the  neutrinos i n  

m c2 - - 4 En' 
YTI n 

The (anti)neutrino production spectrum i s  readily computed from t h e  pion 

production spectrum and is of the  form similar t o  that f o r  the production spectrum 

of #-decay photons [see Eq. (41) 1, t h a t  i s ,  dn /d \d t  a \ 
index of t h e  pion production spectrum. 

-r 
TI , where r is  the  

n 

The r a t i o  of the (ant i )neutr ino production 

spectrum ( o r  of the  spec t ra l  flux) t o  the #-decay 

is, assuming equal numbers of TI , n , e produced, 
+ -  

photon spectrum at the same 11 

roughly 

Bahcall and Frautschi (1964) have discussed the detection of high energy 

neutrinos and have considere'd the  poss ib i l i ty  of  observing a neutrino f lux  from 

the  Crab Nebula and other  radio sources. They assume neutrino production v i a  

TT - p decay,. which implies a lso continuous production of pions and #-decay 

photons. Assuming a continuous constant production of high energy radio electrons 

through n-p decay i n  the  Crab since i ts  b i r th ,  the associated rrO-decay photon 

f l u x  w a s  calculated i n  Section IV [Ep. (44) 3. The corresponding neutrino flux 

i s  of t h e  same form 
m 

-4 -2 -1 
with r = 1.54. For p-neutrinos k w 2°'46 x 1.0 x 10 cm sec , while 

lT CL 
f o r  e-neutrinos k = s  k . 
spectrum is associated with (if there is  continuous production) the  radio 

synchrotron spectrum for lo7 c/s < v < 1014 c/s and with electron energies 

This neutrino spectrum and a l so  the rro-decay photon 
e c1 
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'200 < ye < 6 x lo5. The range of 5 over which equation (51) should represent 

the  neutrino spectrum is the same as the range of ye, t h a t  is f o r  

100 MeV Ev 300 BeV. A neutrino spectrum s imi la r  t o  equation (51) w a s  

derived by Bahcall and Frautschi. However, we doubt t h a t  such a neutrino 

f lux w i l l  ever be observed from the  Crab. In Section IV we showed t h a t  there  

is  evidence against con$inuous production v i a  h-p decay of very high energy 

electrons which would produce synchrotron radiation i n  the opt ica l  - X-ray 

range; moreover, the lifetime against synchrotron losses  fo r  the radio and 

opt ica l  electrons i n  the Crab is  longer than the age of the nebula. We therefore 

f e e l  t h a t  probably there  is  l i t t l e  o r  no continuous production of  radio electrons 

i n  the Crab and no associated neutrino o r  no-decay photon production. 

Regarding possible neutrino production i n  other  radio sources, i n  pa r t i cu la r  

in extragalact ic  objects,  s i m i l a r  considerations apply. I f  there  does e x i s t  

continuous production of radio electrons v i a  n-p decay, and a steady s t a t e  e x i s t s ,  

then the  energy radiated in  neutrinos would be cowarable t o  the t o t a l  energy 

emitted i n  synchrotron radiat ion by the r e l a t i v i s t i c  electrons produced with the  

neutrinos.  

of the neutrinos produced would have f a i r l y  l o w  energies (E - 100 MeV), while 

sources with f l a t  radio spectra  (e .g . ,  Crab Nebula, M 82) might be expected t o  

emit predominantly higher energy neutrinos (say, Ev - 100 BeV). 

extragalact ic  radio sources and quas i - s te l la r  objects would be emitt ing lower 

energy neutrinos with Ev N 1 BeV a t  power leve ls  of 

For "nomal" radio galaxies with steep spectra  (index cy % 0.8) most 

V 

The strong 

- erg/sec. 

However, it appears probable now tha t  such steady s t a t e  conditions are 

not present i n  these sources, so t h a t  even i f  large proton fluxes are  present,  

the neutrino fluxes w i l l  be much lower than t h i s  (c f .  Burbidge, Burbidge, and 

Sandage 1963). 

violent  outburst i n  a galaxy gives r i s e  t o  some loa ergs of high energy pa r t i c l e s  

On the other  hand it i s  possible t h a t  at an ear ly  phase when a 
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(perhaps over a period of 1000 years) ,  a large fract ion of which may be 

protons, the  co l l i s ions  of some pa r t  of these w i t h  the  i n t e r s t e l l a r  gas before 

b 

they escape in to  regions of very low density m i g h t  give rise t o  a f l u x  of high 

energy neutrinos several  orders of magnitude grea te r  than the  values corresponding 

t o  steady state conditions. Thus one might expect t o  observe both neutrinos and 

no-decay photons f r 6 m  a v io len t  outburst i n  a galaxy (see Sect.  V )  . 
The poss ib i l i t y  of detecting such fluxes of high energy neutrinos has 

been considered by Bahcall and Frautschi (1964). They have pointed out that 

the very s m a l l  cross sections f o r  the interaction of neutrinos w i t h  matter mean 

that fromvery strong radio sources w i t h  a dominant proton flu only one neutrino- 

induced event per  day would be experienced i n  a lo5 ton absorber. However, as 

Bahcall and Frautschi have proposed, the poss ib i l i t y  e x i s t s  t h a t  resonances in  

neutrino interact ion processes are present. As they suggest, t he  F a c t i o n  

( 5 2 )  
- - -  

+ e  d v  + p +  
'e P 

may have a resonance and may be detected by neutrino interact ions w i t h  material  

i n  the earth's c rus t .  Clearly a great  deal of information m i g h t  be gained from 

observations of neutrinos from extragalactic objects .  Thus the  most pressing 

requirement is t o  devise a neutrino telescope which has good angular resolution. 

Bahcall and Frautschi have suggested that  the muons ejected i n  (52) may enable 

t h i s  t o  be achieved. 



V I I .  CONCLUSION 

We have t r i e d  t o  summarize those mechanisms which may give r i s e  t o  hard 

radiat ion i n  the universe. 

there  is l i t t l e  observational evidence which can be used i n  conjqnction with 

the theo re t i ca l  estimates. The b r i l l i a n t  work of the NFE, and MIT groups has 

shown t h a t  there  are sources of X - r a y s  at f lux leve ls  which are detectable 

with present techniques. Moreover the  absence of a large isotropic  flux of 

X-rays has enabled us t o  s e t  limits on the temperature of the in te rga lac t ic  

medium. 

energy y-rays are present at the f lux levels  calculated in  Section 111. The 

detection of high energy neutrino fluxes would be very exci t ing but the pre- 

liminary zsults (cf.  Cowan e t  a l .  1964) must be viewed with caution. 

A t  present, apart  from observations of the sun, 

As f a r  as y-rays are concerned it i s  not yet c l ea r  whether high 

-- 
What are  the  poss ib i l i t i e s  for  fur ther  investigations in  t h i s  f i e ld?  To 

us the  p a r a l l e l  of t h i s  f i e l d  of research with t h a t  of t he  ear ly  days i n  radio 

8 i 

astronomy i s  strong. There is one major difference,  however, and t h i s  concerns 

the theo re t i ca l  expectations i n  the  f i e ld .  

The discovery of s ign i f icant  fluxes of radio emission from the cosmos' 

was t o t a l l y  unexpected, and i n  the f i r s t  decade a f t e r  the war theoret ic ians  

only gradually came t o  understand t h a t  the  process by which the  non-thermal 

sources radiate  i s  the synchrotron mechanism. O f  course the process of 

thermal emission was well understood but could not explain the strength o r  

the spec t ra l  charac te r i s t ics  of the bulk of the  radiation. During t h i s  period 

there  was  much confusion because of the unexpected nature of the  discoveries 

and it w a s  the interplay between the theory and opt ica l  observation which l e d  

t o  the elucidation of the mechanism by which the sources radiate .  The theo- 

r e t i c a l  problem then devolved in to  tha t  of understanding how the vas t  fluxes 

of r e l a t i y i s t i c  pa r t i c l e s  and magnetic f i e l d  or iginate .  
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As far as the  hard radiation i s  concerned, the physical mechanisms by 

which such radiation can be emitted are well known and the  l eve l  a t  which fluxes 

have been detected ( o r  not detected) suggests t h a t  no objects w i t h  the  un- 

expected character of the radio sources a= l ike ly  t o  be found by observational 

techniques i n  t h i s  energy range. 

then they m u s t  have very hot surfaces and hence they w i l l  cool very rapidly 

and soon cease t o  e m i t  hard radiation. 

quanta are  emitted a l l  stem from the interact ion of fast charged par t ic les '  with 

matter, radiation, o r  magnetic f i e l d s ,  Knowledge gained through cosmic-ray and 

radio astronomical discoveries enables predictions t o  be made of the fluxes 

of hard radiation t o  be expected w i t h  a range of parameters associated w i t h  

the present uncertaint ies  i n  these quant i t ies .  Thus detection and even non- 

detection of hard radiation w i l l  be most valuable in  determining the s t a t e  of 

matter and radiat ion i n  the  universe. 

If hard radiation i s  emitted by hot bodies, 

Otherwise the mechanisms by which hard 

The p a r a l l e l  between t h e  developments i n  radio astronomy and X-ray, y-ray, 

and neutrino astronomy is  very close when we consider the problem of the d i s c r e t e  

sources. 

l e a s t  one of the strongest sources was put i n  the wrong constel la t ion by one 

In the ear ly  days i n  radio astronomy resolution w a s  very poor and at 
, 

notable group of investigators.  A l l  o f  the  major developments i n  the study of 

d i scre te  radio sources have come in  step with the increase i n  precision w i t h  

which posit ions of sources could be determined. This has enabled the objects 

t o  be observed opt ica l ly  w i t h  large telescopes. 

has come measurement of distance and with th i s  a beginning of quant i ta t ive 

study of the physical conditions in  the sources. It i s  the absence of a 

With opt ica l  ident i f ica t ion  

method of determining the distance of an extragalact ic  source which has required 
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t he  cooperation of op t i ca l  and radio telescopes. The same s i tua t ion  appears 

In  pr inciple  the 21 cm l i n e  is a powerful t o o l  f o r  determining distance by 
9 

redshif t  measmments, but i n  pract ice  it cannot be used since t o  detect  the 

feature i n  galaxies at only very modest distances ( 2  20 Mpc) is  beyond the 

capabi l i ty  of present d w  radio telescopes. 

t o  apply i n  y-ray and X-ray astronomy, since the flux emitted i n  l i nes  w i l l  i n  

general be small. 

defermine b e t t e r  posit ions fo r  the X-ray sources i n  the direct ions of Scorpius 

A vas t  improvement i n  resolution i s  required ‘in order t o  

and the  Crab. The lunar  occultation observation of the  NRL group i s  a f i r s t  

s tep  i n  t h i s  direct ion.  

great ly  increased sens i t i v i ty  w i l l  be required, f o r  example, before it can be 

established o r  denied t h a t  neutron stars have been detected. In pr inciple  the  

problem is even more d i f f i c u l t  t h a t  t h i s ,  since it would be necessary t o  prove 

t h a t  the object is  of  s t e l l a r  s ize  o r  l e s s ,  and even i f  i t s  angular s ize  were 

shown t o  be inf ihi tes imal ly s m a l l  i t s  distance would s t i l l  not be known from 

observation. The location of a s m a l l  source within the Crab would not i n  i t s e l f  

Such an improvement i n  resolution together  with 

. 

10 

? 4 f t e r  a l l ,  it should be remembered tha t  a pers i s ten t  heresy i n  the radio 

astronomical f i e l d  is  t h a t  the large bulk of the sources are nearby s t a r s .  

The= is no d i rec t  disproof of t h i s ,  though a l l  indirect  arguments are  against it. 

be adequate proof of the  existence of neutron stars since other mechanisms 

could provide the  observed flux ( c f .  Section IV). 

of an extended source i n  the  Crab--does not de f in i t e ly  rule  out the  neutron star 

hypothesis, since a c lus t e r  of such s t a r s  might be involved. 

arguments concerniing $he l i fe t imes of hot neutron stars, aeteminat ion o f  the form 

Conversely, the establishment 

Apart,from theore t ica l  

of the speckrum of the  radiation and the  s e t t i n g  of limits t o  the f lux of y-rays 

..3rhich is @-resent would be a good observational t e s t  of the  neutron star hypothesis. 



. b 

. a 

It is c l ea r  that the  various theoret ical  estimates of fluxes which we 

have given i n  t h i s  paper suggest t h a t  a gma t  increase i n  sens i t i v i ty  of 

I detectors as well as good resolution w i l l  be needed t o  exploi t  t h i s  f i e l d  t o  

t h e  utmost. Finally, it is not out of place t o  remark t h a t  the X-ray obser- 
I 

~ 

I vations have already shown tha t  the universe is  not very hot, and it may i n  

f ac t  be r a the r  cool. 

pa r t  of the  general cosmological-thermal radiat ion f i e ld ,  the f l u x  of hard 

radiat ion may be ra ther  weak. 

In  t h i s  case, apart from the neutrino flux which is 

We are indebted t o  many friends and colleagues who have provided much 

material p r i o r ’ t o  publication. 
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.. 
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TABLE 1 

THE OBSERVED HIGH ENERGY COSMIC PHOTON SPEERUM 

Designation - j (7) 
Author Energy 9 

i n  Fig. 4 set"-) 
Giacconi -- e t  al. (1962) G - 2-3 kev 5 10-3 4 103 

I 4 I 
I Bowyer -- e t  al. (1964) B - 2-3 kev 5 10-3 2 x 10 

I Arnold -- e t  a l .  (1962) A - 1 MeV 2 0.08 I 

Kraushaar and Clark (1962) K-C - 100 MeV 200 4 x lo-> 

b t h i e  e t  a l .  (1963) D - 100 Mev 200 -- 
, 9 Firkowski e t  al. (1962) 

Suga e t  d. (196%) 
- 10~5 ev 2 x 10 

-- 
-- 
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4 

6 10 

6 

6 
2 x 10 

4 x 10 . 
6 

6 
6 x 10 

8 x 10 

107 

TABLE 2 

POBR RADIATED BY A MAXWELLIAN GAS 

, 
P, = Px/ne2 (erg-cm 3 /set) 

Bremsstrahlung Re comb i n a t  ion Line Radiation 

9 x 10-3 

5 x 

6 x 

3 1 0 - ~ 5  

1 -d4 
6 x 

3 x 10-9 

1 1 0 - ~ 5  

4 1 0 - ~ 5  

1 10-24 

8 x 

8 x 

7 10-3l 

4 1 0 - ~ 7  

2 

1 x 

-24 

-24 
3 x 10 

3 x 10 
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TABLE 3 

~ w r x  F R ~ M  A m m ~  STAR OF 0.5 M~ 

(Taken f r o m  Chiu and Salpeter) 

core Temperatuz-  Absolute Luminosity optimum h Flux Flux 7 

(OK) (A) (erg/sec) ,(erg/sec) (years) 

D i s t a n t  D i s t a n t  

100 pc 1000 pc 

1 109 
8 5 x 10 

3.1 

3.9 

7 x 7 x 1000 

2.5 x loe6 2.5 x lo-' 1000 

6.8 2.5 x 2.5 x lo-' 1500 8 2 x 10 



UPPER LIMITS To TfIE HIGH ENERGY PHOTON FLUX FRIM VARIOUS SOURCES 
(After Fruin -- e t  al.) 

Source Photon Flux 
(photons/cm2-sec ) 

Crab Nebula 1 x 

3C147 1 x 

3c196 5 x 

3C273 3 x 
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FIGUT(E CAPTIOlys 

Fig. 1 Electron energy loss rate in the Galaxy by synchrotron emission (S) ,  

le- out of the halo (L),  bremsstrahlung (B), Compton sca t te r ing  

(C) , and ionization (I) . 
Fig. 2 Electron energy loss rate in  the in te rga lac t ic  medium by synchrotron 

emission (S), cosmic expansion (E), Compton sca t te r ing  (C), brems- 

strahlung (B),  and exci ta t ion of plasma osc i l la t ions  (P) . 

Fig. 3 Calculated energy spectrum of r e l a t i v i s t i c  electrons i n  the galact ic  

halo and i n  the in te rga lac t ic  medium. 

Fig. 4 Calculated high energy photon background fluxes from synchrotron radiat ion,  

Compton scat ter ing,  bremsstrahlung, and rrO-decay. 

spectra  represent the gs l ac t i c  contributions and the  primed denote the  

spectra  from the  in te rga lac t ic  medium. Observational points a= de- 

noted by c i r c l e s .  

(see Table 1). . 

The unprimed-desimated 

The letters next  t o  the points  refer t o  the observers 

Fig. 5 Observed radiation f r o m  the C r a b  Nebula in the radio ( R ) ,  op t i ca l  (0), 

and X - r a y  (X) regions. 
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